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FOREWORD 


This report describes an investigation of flaw growth and fracture character- 
istics of structural aerospace alloys containing deep surface flaws performed 
by the Boeing Aerospace Company from dune 1970 through March 1972 under Con- 
tract NAS3-14341. The work was administered by Mr. John A. Misencik of the 
NASA Lewis Research Center. 

This program was conducted by the Research and Engineering Division of the 
Boeing Aerospace Company, Seattle, Washington under the supervision of H. W. 
Klopfenstein, Structures Research and Development Manager. The Program Leader 
was J. N. Masters, Supervisor, Failure Mechanisms Group. The Technical Leader 
was R. W. Finger and W. D. Bixler performed the flaw growth analysis. 

A. A. Ottlyk provided test engineering support, and D. G. Good produced the 
technical illustrations and art work. This technical report is also released 
as Boeing Document D1 80- 1 77 59-1 . 
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1.0 INTRODUCTION 


The serai -ell ipti cal surface flaw is an excellent model of common failure 
origins in aerospace structure and so has been the object of considerable 
study. This type of defect is especially prevalent in failure analysis reports 
of welded aerospace pressure vessels and to a lesser degree, percentage wise, 
in aircraft primary structures. 

Pressure vessel design methods have been developed (1)* for assuring that 
crack-like defects will not grow sufficiently to initiate failure during the 
required operational life. Similar efforts are now underway to develop more 
effective guidelines for assuring structural integrity of military aircraft' . 
A large part of the data used in the formulation of the philosophies of the 
reference 1 monograph resulted from testing and analysis of surface flaws in 
relatively brittle materials. Flaw and plastic zone sizes usually were 
relatively small with respect to other specimen or structure dimensions. The 
most significant structural failures of high performance aircraft, those 
prompting accelerated Air Force research efforts, also involved surface 
defects in high strength (brittle) materials. 

With the above situations the defect becomes critical before it can grow 

through the thickness and become detectable. Catastrophic failure can and 

has occurred. Exact stress intensity solutions for these conditions are not 

(31 

available, however, the solution due to Irwin' ' for shallow surface flaws 
and combined with Kobayashi's original deep flaw magnification values has 
proven to be quite useful in solving practical engineering problems. 

Recognition of the factors causing these past failure problems has resulted 
in gradual but marked changes in new designs and structures. Improved 
materials and material processing, and reduced strength and stress levels 
have combined to result in conditions in which critical flaw sizes approach or 
exceed the wall thickness of the structure. While this improves structural 
safety and durability, it complicates the failure mode and life prediction 
efforts. The previously developed analytical procedures based upon modified 

* numbers in parenthesis refer to references at end. of report 
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linear elastic fracture theory become increasingly ineffective as flaw and 
plastic zone size become large with respect to other dimensions, and one must 
rely heavily on experimental results. 

Initial experimental work devoted strictly to the deep flaw problem was 
initiated in 1967 and is published in Reference 4. This work involved static 
and cyclic testing of 2219-T87 aluminum and 5Al-2.5Sn titanium base metal and 
weldments. Very thick and very thin gages of material were tested to bracket 
the problem, a/t and a/2c values were systematically varied to cover a complete 
range of flaw sizes and shapes. The resulting data were analyzed to determine 
deep flaw magnification factors, which could be applied to the Irwin stress 
intensity solution. It was concluded that these values of applied for net 

failure stresses up to 0.90a and ligament thicknesses ( t = t - a) greater 

2 y ** 

than 0.20 . Instrumentation was not available during the reference 

4 program to detect stable flaw growth preceding fracture, however, it was 

suspected that such behavior did affect both static and cyclic behavior. 

This experimental program had two major objectives. The first objective was to 
further explore the static and cyclic behavior of combinations of flaw depths, 
flaw shapes, and thicknesses thru that range where failure mode changed from 
"catastrophic failure" to "leak-before-failure". Titanium 6A1-4V and aluminum 
7075-T651 were added to the 2219, and several intermediate thicknesses were 
added in order to expand applicability of the results. 

The second objective was to evaluate the effects of a prior proof overload 
cycle on subsequent cyclic or sustained load behavior. 6A1-4V titanium 
specimens were either sustain loaded or cycled in air or in a 3%% salt solution 
at room temperature after receiving a simulated proof overload cycle. 2219-T87 
specimens were cycled at 78° (-320°F) after receiving a proof cycle. 

The following sections of this report describe related background data, 
materials and experimental approach, and presentation and discussion of results. 
Applicable data from reference 4 are combined with results of this program in 
the discussion section. 
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2.0 BACKGROUND 


Relationships between stress intensity, flaw size, and nominal stress field 
have been derived for a number of crack geometries and loading conditions. 
Solutions for the semi-elliptical surface flaws have provided to be the most 
useful in the prediction of pressure vessel performance. To date several 
approximate solutions are available. 

Irwin^ first obtained a solution for a semi -elliptical surface flaw in a plate 
and estimated that the solution may be valid for flaws with depth to about 
one-half the material thickness. This derivation was based on Green and 
Sneddon's solution^ of an elliptical crack in an infinite solid and Wiggle- 
worth's solution^ of an edgecracked semi-infinite solid. The stress intensity 
factor at the deepest penetration of a semi-elliptical flaw was then given by: 

k [e - 1.1» o) 

where a is the applied gross stress 
Q is as shown in Figure 1 

Equation (1) has proven to be quite useful in practical applications for 

relatively shallow flaws and at stress levels below the material yield strength. 

There are no acceptable theoretical solutions for surface flaws fracturing in 

the presence of largescale yielding. Several theoretical solutions are now 

(7) 

available for estimating the magnification factors for deep surface flaws. 

The work of Smith, and of Shah and Kobayashi reported in reference (7) are 
believed to be particularly important contributions to the increased under- 
standing of the problem. Due to the extensive coverage of the surface flaw 
problem reported in reference (7) a detailed description is not attempted here. 
It is important to note that these recent solutions generally take the form of 
equation (1), but modify it to better account for front surface effects, and 
to account for back surface effects. For example, the 1.1 factor estimated by 
Irwin to account for the front surface effects is replaced by a variable 
which ranges from a value of about 1.03 to 1.12, and is a function of flaw 
shape. Additionally, back surface effects are accounted for by multiplying 
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equation (1) by a correction factor (M K or M 2 ) which varies primarily with flaw 
shape and flaw depth-to-thickness ratio. 

(41 

The first systematic experimental study of deep surface flaws' ' was under- 
taken in 1967. This work involved static and cyclic testing of aluminum 
2219-T87 and titanium 5Al-2.5Sn base metal and weldment. Each material was 
tested in very thick and in very thin gages in an attempt to bracket the 
problem; a/t and a/2c values were systematically varied to cover a complete 
range of flaw sizes and shapes for each of the materials. A summary of testing 
parameters included in the reference (4) work is shown in Table 1, 

The approach used to calculate magnification factors consisted of, first, 
plotting all data in terms of apparent toughness (Kj E per equation 1) versus 
depth-to-thickness ratio, a/t for each of the thicknesses, test temperatures, 
and flaw shapes. Earlier data (e.g., reference 8) had shown that at net 
section stresses above about 90% of yield strength, values are suppressed, 
and thus data in this range was not included. A baseline toughness was then 
selected as the apparent Kj E as a/t approached 0. The M K value then was set 
equal to the baseline toughness divided by the calculated apparent toughness 
for the particular value of depth and shape tested. Figure 2 shows typical 
data for 2219-T87 aluminum base metal at a test temperature of 20°K (-423°F). 
Note that net section stress for all points is less than 90% of yield strength 
except as noted, and that the curve of apparent toughness is faired above the 
high stress points. 

Resultant curves for 2219-T87 base metal for varying a/t and a/2c values 

are shown in Figure 3. As a result of the analysis of this data, it was 

concluded that these curves apply for failure stresses up to 0.90a and 

2 ys 

ligament thicknesses (t n = t - a) greater than 0.20 {K ie /g ) . Similar 
curves for the 5Al-2-l/2Sn material exhibited slightly higher values. 

With only a few exceptions, the actual data fell within a + 10 percent scatter 
band around the curves shown, with the titanium data showing a tendency for 
greater scatter than that of the aluminum. 
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The ligament restriction noted above was an estimate, although very few data 
points were obtained in this area. It was hypothesized that at this point, 
excessive flaw growth preceded failure. In the extreme case, growth through- 
the-thickness could occur prior to fracture. Obviously, a surface flaw "model" 
would not be expected to describe the failure process in this case--the 
specimen actually contains a through-crack at failure. As a result of analysis 
of the cyclic test data, it was also concluded that cyclic flaw growth rates 
increased markedly when the above noted ligament restrictions were exceeded. 

NAS 3-10290 provided considerable data which verified a significant increase in 
flaw tip stress intensity for deep flaws, and identified a range of flaw 
depth-to- thickness ratios where important deviations from theoretical predic- 
tions occur. This range of depths roughly corresponded with the departure from 
"castastrophic failure" versus "leak before failure" condition. Thus, additiona 
data in this range were considered vital for accurate prediction of failure mode 
of pressure vessels. The program reported herein was initiated to further 
explore this area. 6A1-4V-Ti and 7075-T651 were added to the 2219, and several 
intermediate thicknesses were added in order to expand applicability of the 
results. 
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PRECEDING PAGE BLANK NOT FILMED 

3.0 MATERIALS AND PROCEDURES 


Table 2 shows an overall summary of tests performed. As can be seen, mechanical 
property and static fracture tests were performed on 7075-T651 aluminum, 6A1-4V 
STA titanium, and 2219-T87 aluminum. Additionally, simulated proof tests, cyclic 
flaw growth tests, and cyclic and sustain load tests following a simulated proof 
overload cycle were performed on the latter two alloys. Other test variables 
included specimen thickness, flaw shape, and flaw depth-to-thickness ratio. 
Specimens of all thicknesses were machined from a conrnon gage for each alloy 
with the specimen neutral axis coincident with the plate neutral axis. The 
following paragraphs give specific details on test materials and procedures. 

3.1 Materials 

The 2219 aluminum plate material, 25.4 by 914 by 2134mm (1.0 by 36.0 x 84.0 
inches) was purchased in the T87 condition per Boeing BMS 7-105C {equivalent to 
MIL-A-8920-ASG) . The 7075 aluminum plate material, 25.4 by 914 by 2134mm 
(1.0 by 36.0 by 84.0 inches) was purchased in the T651 condition per QQ-A-250/ 
12D. The 6A1-4V titanium plate material, 9.5 by 609 by 1829mm (0.375 by 24.0 
by 72.0 inches) was purchased in the annealed condition per MIL-T-9046F, Type II, 
Composition C. 

Both aluminum alloys were tested in the as received condition without subsequent 
thermal treatment. The titanium plates were subjected to the following treat- 
ment: 

a) solution treat at 1227K (1750F) for 30 minutes 

b) water quench with 6 second maximum delay 

c) age at 769K (925F) for 8 hours. 

Chemical composition of the titanium alloy and the specification limits 
for the aluminum alloys are listed in Table 3. All plates of each alloy 
were obtained from a common heat. 
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3.2 Specimen Preparation 

Mechanical properties were obtained by testing specimens of the configuration 
shown in Figure 4. Tests were performed with the specimen axis oriented both 
parallel and perpendicular to the major plate rolling direction. 

All fracture and flaw growth tests were performed using uniaxial ly loaded 
surface flaw specimens. The many thickness, flaw depth, and flaw shape 
variables investigated resulted in requirements for the many different specimen 
configurations as shown in Figures 5 through 12. To prevent configuration 
variables from affecting test results dimensions were generally controlled to 
the following: 

specimen length >_ 3 times width 
specimen width >_ 5 times flaw length. 

These constraints were practical for all but a few of the thickest specimens 
with the longest flaws. However, as shown in Appendix A, strain gage data 
indicate that specimen dimensions were adequate even on those excepted cases. 

The objective of this program was to investigate flaw growth characteristics 
only up to the point at which the flaw penetrated the thickness (i.e., leakage). 
Of course, for studies involving growth after this point, greater widths would 
be required. 

All aluminum surface flaws were oriented with the flaw plane parallel to the 
major plate rolling direction (referred to as WT orientation/propagation 
direction). All titanium surface flaws to be tested in air were oriented with 
the flaw plane perpendicular to the major plate rolling direction (RT). The 
titanium specimens tested in argon and salt water (Reference Section 4.0) were 
oriented in the WT direction. 

All of the test specimens were drilled using drill jigs in which the holes had 
been located to within a tolerance of _+0. 025mm (+0 . 00T inch). The specimen 
grips were also drilled using the same drill jigs to ensure an accurate fit 
between specimen and loading grip. 
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All surface flaws were prepared by initially introducing a starter notch by 

means of an Electric Discharge Machine (EDM) and then extending the starter 

notch by means of low stress cyclic fatigue. Since the stress level used to 

initially fatigue the crack specimen is dependent upon the material and size 

of the EDM starter slot, and a wide variety of flaw sizes were tested, many 

different stress levels were used during the initial fatigue cracking. All 

of the aluminum specimens, both 2219-T87 and 7075-T651 alloys, were precracked 

o 

using a maximum fatigue stress level between 41 and 110 MN/m (6 and 16 ksi). 

All of the 6A1-4V STA titanium specimens were precracked using a stress level 
between 103 and 310 MN/m (15 and 45 ksi). Care was taken in all cases to 
ensure that the precracking stress level was small compared to the anticipated 
test stress level. The low stress fatigue cracking was continued on all 
specimens until a fatigue crack existed over the entire periphery of the EDM 
starter slot. A microscope was used to monitor the size of the fatigue crack 
during the precracking operation. 

3.3 Experimental Procedures 

The following sections describe the instrumentation and experimental procedures 
used to accomplish all of the mechanical property, static fracture, cyclic, 
overload and load-unload testing performed during the subject program. 

3.3.1 Instrumentation 

All mechanical property tests were conducted using both extensometer and strain 
gages for determination of yield strength, modulus of elasticity and Poisson's 
ratio. All of the surfaced flaw specimens were instrumented with an electrical 
displacement indicator (EDI) clip gage for determination of crack opening 
displacement (COD). The EDI clip gage was attached to the flaw either by means 
of tabs micro-spot welded to the specimen or by integrally machined knife edges. 
Figure 13 illustrates the two different means of attaching the EDI gage. In 
addition to the EDI clip gage, the majority of the surface flawed specimens were 
also instrumented with strain gages attached on the rear surface, in order to 
monitor the strain field behind the flaw. A discussion of the placement of the 
strain gages and the results obtained is given in Appendix A. Initially, 
pressure cups were used on selected specimens for determination of flaw break- 
through. This system consists of placing a pressure cup either directly over 
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the flaw or directly behind the flaw and then filling one cup with pressurized 
gas. The pressure in the cup is then monitored throughout the test; a decrease 
in pressure in one cup is accompanied by an increase in pressure in the other, 
indicating flaw breakthough. 

3.3.2 Mechanical Property Tests 

Mechanical property tests were conducted at RT„ 78K (-320F), and 20K (-423F) in 
air, LN 2 and LH 2 , respectively. A strain rate of 0.005 mm/mm/minute was used 
on all specimens until the material yield stress was obtained. A strain rate 
of 0.02 mm/mm/minute was then used for the remaining portion of the loading 
until failure. 

3.3.3 Static Fracture Tests 

Static fracture tests were conducted using surface flawed specimens, in air 
at room temperature and in liquid nitrogen (LN 2 ) at 78K (-320F). All specimens 
tested at 78K (-320F) were submerged in LN 2 by means of an open top cryostat. 

The liquid level within the cryostat was visually monitored to ensure that the 
test section of the specimen had been completely submerged for a minimum of 
15 minutes prior to the application of any test load. All specimens were loaded 
at a rate such that failure would occur between 1 and 3 minutes after the 
initiation of loading. 

All specimens were equipped with an EDI clip gage to monitor crack opening 
displacement and strain gages to monitor the rear surface strain. 

3.3.4 Cyclic Tests 

Cyclic tests were conducted, using surface flawed specimens, at both room temp- 
erature and 78K (-320F). All of the 6A1-4V STA titanium specimens were tested 
at room temperature and all of the 2219-T87 aluminum specimens were tested at 
78K (-320F). The technique used to ensure thermal stability for the LN 2 
tests was identical to that used for the static fracture tests. A cyclic 
speed of 0.33Hz (20 CPM) was used for all of the testing. In order to define 
the flaw size at the time back surface dimpling occurred, the cyclic tests were 
interrupted and low stress fatigue cycles were applied to mark the flaw 
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periphery. (Refer to Section 4,0 for a discussion of back surface dimpling.) 

The tests were then continued and finally terminated either at flaw break- 
though or immediately prior to failure. Flaw breakthrough was detected by 
means of pressure cups using the method described in Section 2.3.1. Continual 
monitoring of the EDI output allowed the test machine operator to estimate the 
remaining cycles to failure. When failure appeared to be imminent, the operator 
stopped the cyclic test and then loaded the specimen to failure. Employment of 
this method, rather than cycling all the way to failure, results in a more 
easily distinguishable final flaw size. Since the failure stress of all the 
tests terminated in this manner were near the prior cyclic stress, it can be 
concluded that these tests were stopped within a very few cycles of failure. 

3.3.5 Overload Tests 

Overload tests were conducted at 78°K (-320°F) using 2219-T87 aluminum specimens 
and at room temperature using 6A1-4V STA titanium specimens. The tests consisted 
of a proof overload applied at a rate such that maximum load would be obtained 
in one minute, followed by either sustained loading or cyclic loading. 

For the aluminum specimens tested in LN^, the cyclic loading consisted of a 
0.33Hz (20 CPM) sinusoidal profile. Three different cyclic profiles were used 
for the titanium specimens. The three cyclic profiles used were 0.33Hz (20 CPM) 
sinusoidal, 0.17Hz (10 CPM) triangular, 0.003Hz (0.2 CPM) trapezoidal. The 
0.003 Hz (0.2 CPM) trapezoidal loading profile consisted of a 3 second linear 
loading, followed by a 294 second hold, and a 3 second linear unloading. By 
using the trapezoidal loading just described, it was possible to have identical 
loading and unloading profiles between this and the 0.17hz (10 CPM) triangular 
profiles . 

All of the aluminum overload cyclic specimens were either cycled until the flaw 
broke through the rear surface or until failure was imminent. The imminence 
of failure was detected by means of an EDI gage as described in the previous 
section. Flaw breakthrough was determined by means of a strain gage mounted on 
the rear surface slightly above the plane of the flaw. The titanium specimens 
cycled in salt water using the trapezoidal loading profile were cycled to 
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failure. For all other cyclic tests the tests were terminated either when the 
flaw broke through the rear surface or failure was imminent. The same techniques 
as previously described were employed for determination of these two cases. The 
sustained load tests which were conducted after overload were held at load 
for approximately 7.0 hours and then marked and failed at room temperature. 
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4.0 PRESENTATION AND DISCUSSION OF RESULTS 


4.1 Mechanical Property Tests 

Results of the mechanical properties tests of the alloys are shown in Tables 
4 thru 6. Tests on the 2219 aluminum and the 6A1-4V titanium alloys were 
performed at room temperature in air, 78°K ( -320°F) in liquid nitrogen, and 
20° K (-423°F) in liquid hydrogen. The 7075 aluminum alloy was tested only 
at room temperature. Utlimate strength, yield strength, elongation, and 
Poisson's ratio were determined. 

Uniaxial yield strengths were calculated using loads corresponding to a 0.2 
percent offset on load-strain curves. Longitudinal strains were measured using 
50.8mm (2.0 inch) gage length extensometers . 

Poisson's ratio measurements were made from continuous strain gage recordings 
of load (P) versus longitudinal strain (E^) and transverse strain ( E-p) . The 
elastic Poisson's ratio was then computed from the formula 

d E d E 

„ _ l t . l l 

where y is the elastic Poisson's ratio; 
and 


d E d E 

l T l 

^p— and gp— are the average slopes of the elastic portions 
of the load-versus-transverse-strain and load- 
versus-longi tudinal-strain recordings, respec- 
tively. 

Measured properties are plotted as a function of test temperature in Figure 
14 for the 2219 alloy, and in Figure 15 for the titanium alloy. All properties 
of the 2219 alloy are quite similar to those of the 2219 alloy tested in the 
.Reference 4 program. 
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The elongation and Poisson's ratio measurements for the 6A1-4V titanium are 
significantly lower than that of the titanium tested in Reference 4 (5Al-2.5Sn), 
and the strength of course, is substantially higher. Average room temperature 
properties of the 7075 aluminum alloy are as shown below. 

GRAIN DIRECTION ULTIMATE STRENGTH YIELD STRENGTH BELONG POISSON'S 

P p IN 50. 8mm 

MN/nr (KSI) MN/nr (KSI) (2.0 INCH) RATIO 

Longitudinal 609 (88.4) 551 (79.9) 11.1 0.318 

Transverse 607 (88.1) 536 (77.8) 11.1 0.332 

4.2 Static Fracture Tests 

Results of the static fracture tests of surface flaw specimens are shown in: 

Tables 7 thru 10 - 2219-T87 Aluminum 

Table 11 - 7075-T651 Aluminum 

Tables 12 thru 15 - 6A1-4V Titanium 

In each of the above noted tables, specimen dimensions, test conditions, and 
gross section stresses at maximum load are shown in the first several lefthand 
columns. The next columns, where applicable, note the gross section stress 
at which back surface dimpling was detected and the point at which the flaw 
broke thru the back surface. Subsequent columns show initial flaw dimensions 
as measured after fracture. For reference purposes, the apparent is shown 
as calculated from Equation (1), using initial flaw sizes and gross stress 
at maximum load. In subsequent paragraphs, the data of Tables 7 thru 15 are 
presented and discussed from several viewpoints in an attempt to describe those 
conditions controlling fracture instability of specimens containing deep surface 
flaws. The discussion is covered under the headings of (1) Stress-Flaw Depth 
Relationship, (2) Comparisons, (3) Backside Dimpling, (4) Resistance Curve 
Considerations, and (5) Static Fracture Summary. 

4.2.1 Stress-Flaw Depth Relationship 

The raw data of Tables 7 thru 15 are plotted in terms of stress versus flaw 
depth in Figures 16 thru 19 (2219 aluminum). Figure 20 (7075 aluminum), and 
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Figures 21 thru 24 (6A1-4V titanium). The data are grouped by nominal flaw 
shape, with all test points for a given thickness and alloy plotted on a 
single page. For example, the 2219-T87 aluminum data for 0.38 cm (0.15 in.) 
thick specimens are shown in Figure 16(a) for a/2c of 0.40; in Figure 16(b) 
for a/2c of 0.25 and in Figure 16(c) for a/2c of 0.10. Each illustration 
shows up to three data points for each specimen; the open triangles indicate 
stress levels at which back surface dimpling was detected* the solid circles 
indicate stress levels at which the flaws grew through the thickness, and the 
open circles indicate stress levels at which the specimens fractured. The 
first step in analysis of this data was to determine effective toughness values 
which best described the observed failure loci i for the various materials, 
thicknesses, and flaw geometries. Using the solution and magnification curves 
of Figure 3, Kj-^ values were calculated for each alloy which matched the 
majority of the data. The resultant nominal values were 


K IE 


ALLOY 

MN/m 3/2 

(KSl/Tn) 

2219-T87 Aluminum 

55.0 

(50.0) 

7075-T651 Aluminum 

39.6 

(36.0) 

6A1-4V STA Titanium 

80.2 

(73.0) 


Plots of these values with a scatter band of +10% were then superimposed on 
the raw data plots of Figures 16 thru 24. Test results can now be compared with 
those predicted using the Figure 3 solution by observation of each of the above 
noted figures. 

2219 T87 Aluminum 

It is seen in Figures 16 through 19 that all of the 2219-T87 aluminum specimens 
which failed before break-thru at section stresses less than ninety percent 
of the yield strength (19 data points) fall within the predicted toughness band. 
Above ninety percent of yield strength, the data points fall below the constant 
K band. It would appear that a straight line band drawn between this point and 
the point of zero flaw size and ultimate strength would adequately describe the 
failure locus through this range. 

* See Section 4.2.3 for a discussion of back surface dimpling. 
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Study of the effects of thickness and flaw shape shows that elastic failure 
can be expected for all shapes tested (a/2c of 0.10, 0.25 and 0.40) in thick- 
nesses of 1.25 cm (0.50 inches) and above. For 0.51 cm (0.20 inch) material 
elastic failure can occur only in the two longer flaw shapes, and in the thin- 
nest material tested, 0.38 cm (0.15 inch), only the longest flaw shape can 
cause elastic failure. 

Observation of all of the 2219 T87 specimens which "leaked" before failing 
reveals that such behavior can be expected if the initial ligament is less 
than about 0.15 cm (0.060 inch). Three of the eleven specimens involved, as 
seen in Figure 18(c), had initial ligaments more than 0.15 cm (0.060 inch). 

It is seen that leakage and complete failure in these three specimens occurred 
almost simultaneously. In a pressure vessel it is doubtful that leakage would 
have been detected prior to complete rupture. 

The specimens tested in Reference 4 were not instrumented to detect flaw break- 
through, however, it was speculated that break through probably did occur in 
several of the thinner specimens and tougher materials. If this did occur the 
failures could best be described by consideration of the original surface 
flaw length (2c) and the plane stress toughness. A comparison of this type was 
shown in Figure 71 of Reference 4 for thin titanium surface flaw specimens. 

A plot of failure stress versus initial surface length compared quite well with 
that obtained from through-cracked specimens over a wide range of crack lengths. 
A similar comparison can be made from the data developed in this program. For 
example, Figure 18(c) contains the three data points from surface flaws with 
a/ 2c values of 0.10 in 1.27 cm (0.50 inch) plate which broke through before 
failing. values were calculated using initial flaw lengths and failure 
stresses. The average value was 63.3 MN/m 3/2 (57.6 ksi/TrT), which agrees well 
with the value of 60.6 MN/m 3//2 (55.1 ksi/TrT) which was obtained for 1.58 cm 
(0.625 inch) 2219-T87 plate at 78°K (-320°F) in Reference 4. The single similar 
data point on Figure 18(b) for a/2c values of 0.25 in the same thickness 
represents a K CN value of 68.7 MN/m 3/2 (62.5 ksi/Tn). From the above, it is 
concluded that fracture of surface flaw specimens which leak before failing can 
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be adequately predicted by considering initial surface flaw length and plane 
stress (or transitional stress) toughness for the thickness in question. 
Furthermore, the failure stress may be either higher or lower than that which 
would be predicted using surface flaw solutions, depending on flaw shape and 
the ratio of K IE and K CN for the thickness under consideration. 

7075-T651 Aluminum 

Results of the 7075-T651 aluminum are shown in Figures 20(a) thru 20(d) for the 
four thicknesses tested, all with a/2c values of 0.25. 

As can be seen, failures occurred predominantly in the elastic range for all 
thicknesses tested. Most of the specimens tested in this series displayed a 
distinct pop-in before failure. This was detected both on the COD traces and 
the rear surface strain gages as well as by an audible "click". Pop-in occurred 
usually at a load of approximately 85 to 90 percent of the subsequent failure 
load. Observation of the fracture faces of these specimens failed to reveal 
any signs of growth which may have occurred during the pop-in. Therefore, two 
specimens of the series (A5-2 and A5-4 of Table 11) were unloaded immediately 
after the discontinuity, and then were fatigue marked and failed. Both 
fracture faces revealed growth of about 0.50 cm (0.20 inch) predominately at 
an angle of about 65 to 75° from the depth direction (i.e., propagation closer 
to the WR direction). Little or no growth took place at 0 or 90° from the 
depth direction. Overall average calculated K 1 of the specimens was about 35 
MN/m 3 / 2 (32 ksi/Tn) at the pop-in load as calculated at the bottom of the flaw. 
The stress intensity at an angle of 70^ from the bottom should be about 
28.6 MN/m 3/2 (26.1 ksi/in). This value compares favorably with a toughness, 

K of 28.5-30.6 MN/m 3/2 (26.0-28.0 ksi/Tn) obtained from bend specimens in 
7075-T6 plate tested in the WR direction (Ref. 9). The abrupt extension of the 
cracks at pop-in was evidently arrested by the pinning action at the surface 
and the higher toughness in the depth direction. After pop-in the COD trace 
was relatively straight up to the failure load. 

Since flaw sizes after the pop-ins were not discernible on the other specimens, 
the data in Figure 20 and subsequent K calculations are based on initial flaw 
dimensions and stress at failure. 
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As noted earlier, a K ]E value of 39.6 MN/m 3/2 (36.0 ksi/fn) with a scatter of 
+ten percent was found to best fit the data. By comparing the data of Figures 
20(a) thru (d) it is seen that the failure points in the two thinner gages fall 
somewhat higher than the overall average toughness band and the points for the 
two thickest gages generally appear to fall in the lower part of the toughness 
band. (Recall that all specimens were machined from the same thickness). Such 
a thickness dependency was not noted in the 2219-T87 data. It may be signifi- 
cant that dimpling was not observed in any specimens of the two thicker gages 
in the 7075 alloy whereas dimpling was observed in varying degree in all thick- 
nesses in the 2219 tests. It is possible that relief of deformation constraint 
associated with dimpling would result in increased fracture strength of the 
thinner specimens. 

One specimen from each of the two thinnest gages experienced break through prior 
to failure. In both cases the initial ligament was less than 0.63 cm (0.025 
inch). Leakage did not occur in the two thickest gages, however ligament 
dimensions were larger than 0.63 cm (0.025 inch) in all of these latter tests. 
For the two specimens that did leak (Ref. Figures 20(a) and 20(b)) values 
are calculated to be 49.2 MN/m 3/2 (44.8 ksi/Tn") and 51.6 MN/m 3/2 (47.0 ksivTn), 
respectively. Mo published K CN data from center cracked specimens of these 
thicknesses or test directions could be found, however the values noted appear 
to be somewhat low. The edgewise tunneling known to occur during a pop-in 
would result in calculated values on the low side. 

6A1-4V STA Titanium 

Stress-flaw size relationships for the titanium static fracture tests are 

3/2 

shown in Figures 21 thru 24. As noted earlier, a Kj E value of 80.2 MN/m 
(73.0 ksi/fn) was initially selected which appeared to fit the overall data 
best. This nominal value with a plus or minus 10 percent band is shown in the 
figures for comparison with the raw data. 
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As with the 2219 fracture results, elastic failure before leakage was not 
observed in the shorter flaws/thinner gage combinations. Elastic failure was 
observed in all shapes tested (a/2c of 0.10, 0.25 and 0.40) in thicknesses of 
0.318 cm (0.125 inch) and greater. In the thinnest gage of 0.15 cm (0.060 inch) 

elastic failure was produced only with the longest flaw (a/2c = 0.10). 

\ ' 

There are no systematic variations in failure behavior as affected by varying 
thickness. Additionally, dimpling was observed in all thicknesses tested. In 
this respect the titanium behavior is similar to that of the 2219 data. 

There does appear to be a distinct effect attributable to flaw shape; specimens 
with flaw aspect ratio of 0.40 fall below the nominal K J£ band; specimens with 
shape of 0.25 fall near or slightly below nominal; and the longest flaws fall 
at or slightly above. This is best illustrated by comparison of the 0.53 cm 
(0.21 inch) data of Figure 23. This is believed to be caused by unusual 
directionality of fracture resistance of the plates tested and is discussed 
in more detail in Section 4.2.2. 

Study of the titanium specimens which leaked before breaking indicates that if 
the initial ligament dimension is less than about 0.051 cm (0.020 inch) then such 
behavior is highly probable. A few specimens with ligaments of up to 0.102 cm 
(0.040 inch) also leaked before failing. There .were a total of nine specimens 
which leaked and then failed at less than 90 percent of yield strength, and 
they represented all flaw shapes tested and all but the thickest of the gages 
tested. As with the aluminum tests, values were calculated for these nine 
specimens using initial flaw length (2c) and failure stress. The average of 
the calculated K QN values was 101.2 MN/m 3/2 (92.1 ksi/fif) with a standard 
deviation of 8.1 MN/m 3/2 (7.4 ksi/fn). These values are well within the range 
of toughness values developed for similarly processed material tested in SST 
research^ 10 ). 
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4.2.2 Comparison of Magnification Factors 

In the preceding discussion, the surface flaw failure locii of specimens of 
various alloys, thicknesses, flaw shapes and flaw depth -to- thickness ratios 
were compared with the experimentally determined back surface magnification 
factor of Reference 4. Since the development of the Reference 4 data, 
considerable effort has been directed toward the derivation of analytical 
solutions for the deep surface flaw.^"^^ Two of these solutions, that of 
Shah and Kobayashi^^ and that of Smith are compared with available 
experimental data in the following paragraphs. 

2219-T87 Aluminum 

A comparison of the 2219-T87 Aluminum experimental data obtained in this program 
with available solutions is shown in Figure 25. The data points included in 
Figure 25 consist only of those specimens which failed prior to leakage at net 
section stress levels less than 90 percent of yield strength. The curves are 
plotted in terms of calculated K JE versus flaw depth-to-thickness ratio (a/t). 

Figure 25(a) is a plot of data calculated by equation 1 (Reference 3) and is 
included to graphically display the magnitude of the back surface effect. The 
family of curves included represent predicted trends of the Figure 3 solution 
(i.e., the expected reduction in apparent toughness with increasing a/t if 
magnification is ignored). 

Figures 25 (b), (c) and (d) show results using magnification terms of Masters^, 
Shah and Kobayashi ^ ^ , and Smith^^. The solutions for the latter two curves 
are valid for a Poisson's ratio of 0.30. The Smith data points are calculated 
for matching flaw depth and length for an equivalent ellipse (Smith's solution 
is based on a part circular crack). Additionally, Smith's analysis is limited 
to moderate to high aspect ratios, so data is included only for a/2c ratios of 
0.25 and 0.40. 

Results of these analyses are shown in terms of the average calculated Kj E value 
and the standard deviation (S.D.) for the set of data. For example, the 
experimentally defined solution from Reference (4) results in an average Kj E 
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of 57.2 MN/ir 3/Z (52.1 ksi/Tn) with a S.D. of 3.9 MN/in 3/2 (3.6 ksi /Tn) . (Note 
that this average value is slightly higher than that which was visually 
established in the previous section.) Shah's analysis yields an average Kje 
of 50.8 MN/m 3/2 (46.3 ksi /T77) and a S.D. of 4.0 MN/m 3/2 (3.7 ksi /T7T) while 
Smith's average for the fewer data points is 59.6 MN/m (54.2 ksi/Tn) with a 
S.D. of 4.4 MN/m 3 ^ 2 (4.0 ksi/Tn). 

Data from Reference 4 is illustrated in Figures 26, 27 and 28. This data is 
for 1.58 cm (0.625 inch) 2219-T87 aluminum tested in the RT direction at room 
temperature 78°K (-320°F) and 20°K (-423°F). Trends of this data are similar 
to that of Figure 25. That is the average K JE value calculated from Reference 
4 is consistently higher than from the Reference 12 solution, and is either 
comparable or slightly lower than that calculated from the Reference 11 solu- 
tion. Calculated S.D.'s are comparable except that those from Reference 11 
probably would have been higher had the same number of data points been assessed 
Again, observation of all data of Figures 25 thru 28 does not reveal any 
consistent trends of errors in the handling of the various thickness and flaw 
shape variables tested. 

7075-T651 Aluminum 

Data for the 7075-T651 aluminum were analyzed in a similar manner and are shown 
in Figure 29. A comparison of the three deep flaw solutions again shows the 
K average from Reference 4 higher than that of Reference 12 and close to that 
of Reference 11. Scatter in the latter values is the highest with a trend of 
over correcting the deeper flaws in evidence. 


As noted in Section 4.2.1, there was a discrepancy between the two thinner gage 
data as compared to that of the two thicker gages. This is also shown in all 
plots of Figure 29; the four data points for the 0.38 cm (0.15 inch) and the 
0.51 cm (0.20 inch) test are consistently and significantly above those of the 
thicker specimens. As seen in Figure 29(b), the average value for all data 
is 40.3 MN/m 3 ^ 2 (36.7 ksi /in’). The average for the thin specimens is 
46.0 MN/m 3 ^ 2 (41.9 ksi/fn) and the average for the thick specimens is 
38.3 MN/m 3 ^ 2 (34.9 ksi/Tn). 
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6A1-4V $TA Titanium 

It was noted in Section 4.2.1 that there was a significant flaw shape effect 
apparent in the titanium data. The average Kj E value tentatively set at 
80.2 MN/m 3i/2 (73-0 ksi/frf) was high for the short flaws and somewhat low for 
the long flaws. A plot of apparent (per Equation (1)) versus a/t was made, 

but as would be expected, the data were not well ordered. Because of this 
the data were separated by flaw shape, and plotted individually as in Figures 
30, 31 and 32. 

Figure 30 shows the specimens of a/2c = 0.10 which failed before breaking 
through at stresses less than 90 percent of yield strength. Figure 30(a) shows 
an average K JE of 83.5 MN/m 3 ^ 2 (76.0 ksi/fn) using the Reference 4 magnifica- 
tion factors. As with the aluminum data the Shah-Kobayashi average K JE is 
lower. The specimen with the largest a/t lies significantly higher than the 
average on both plots. The ligament dimension for this specimen was in the 
region where leakage could be expected, however a recheck of the instrumenta- 
tion records did not indicate such. 

Figure 32 shows the a/2c = 0.40 data, and shows a further drop in calculated 
K je values. 

] • 

This behavior of decreasing calculated Kj E with increasing a/2c can possibly 

be explained if. the material in question displays significant directionality 

with respect to crack propagation resistance. If the material is highly 

directional, it is probable that fracture will initiate at some point on the 

flaw periphery other than at the bottom. To check this, two single edge notch 

tension specimens were tested to determine K IC for this material in the RW 

direction (i.e., 90° from the bottom of the surface flaw tests). The average 

3/2 

Kj C of these specimens, valid per ASTM requirements, was 48.1 MN/m 
(43.8 ksi/fn), or less than 60 percent of the Kj E values calculated for the 
long surface flaws. It has been observed that crack-line loaded specimens 
often display lower toughness values than those obtained from surface flaw 
specimens^). However, Hall ^ 6 ^ has shown that when the two types of speci- 
mens are tested with identical propagation directions, the toughness results 
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usually compare quite favorably. Hall's conclusions were based on tests of 
aluminum and titanium at ambient and cryogenic temperatures. Therefore, 
it is believed that a large part of the difference between the two directions 
is truly an indication of directionality and not a specimen configuration 
effect. 

To estimate the location on the flaw periphery where fracture initiation is 
most likely to occur, it is necessary to compare the variation of applied 
and critical stress intensities around the crack front. This is shown in 
Figure 33. 

Figure 33(a) describes estimated critical and applied stress intensity as a 
function of location on the front of a flaw of a/2c = 0.10. The solid line 
is an estimate of the critical stress intensity around the flaw front 
assuming that the critical value varies linearly with from K JE (RT) at 
a = 0 to K IC (RVf) at a 2 = 90°. It is recognized that the effective toughness 
is higher at the surface than shown, however, it will be seen that this is 
unimportant for the longer flaws. The dashed curve represents Shah s 
theoretical variation in applied stress intensity around the flaw. It is 
further assumed that fracture will initiate in a direction normal to the flaw 
front, a.. The critical curve is set at a K of 72.8 MN/m (66.2 ksi/irT) at 
a » 0 (Shah's average value from Figure 30), and 48.1 MN/m ^ (43.8 ksi/Tn) 

at a = 90° (from the SENT specimens). It is seen that the critical curve is 
relatively flat up to ^ of about 70°. At this point « 2 increases rapidly 
with an increase in and the K critical drops rapidly. The K applied curve 
with known variation is then adjusted upward until the two curves meet. This 
occurs at a = 0, and indicates that fracture initiation would occur at the^ 
flaw bottom, a = 0, and at a stress intensity at this point of 72.8 MN/m 
(66.2 ksi/Tn). 

Figure 33(b) is constructed in a similar manner for an a/2c of 0.25. Here 
the curves meet at ^ of about 30° and at a stress intensity of 68.1 MN/m 
(62 ksi/Tn). Extension of the applied curve to ^ = 0 results in a stress 
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intensity of about 69.2 MN/m 3/2 (63 ksi/fn). This latter value compares well 
with Shah's average value for this flaw shape in Figure 31. 

Figure 33(c) describes conditions for an a/2c of 0.40. The curve ABD 

represents critical stress intensity without relief of the front face 

plasticity. It is estimated that this plastic zone depth is approximately 

0.13 cm (0.050 inch) using the expression of Rice^ 17 ^ of P = j (;—) 2 » and a 

nominal K of 66.0 MN/m 3 / 2 (60 ksi/fn). This zone would extend from of 

about 50° to the front surface. Thus the actual fracture resistance would 

increase through this range. Curve ABC is a rough estimate of the upper limit 

of K critical. It is now seen that the K applied curve would intersect the K 

3/2 

critical curve at point D. Shah's calculated average K ] is 64.8 MN/m 
(59 ksi/fn) in Figure 32. If the applied curve is set at this value at ^ = 0 
the curve intersects the resistance curve at point B, Thus, while there are 
obviously errors in the values of assumed plastic zone size and the actual 
shape of the resistance curve in this area, it does appear plausible that 
fracture of short deep flaws would initiate at between 45 and 55 
( a = 32° to 41°). Fracture would initiate at this point at a stress intensity 
of about 61.5 MN/m 3/2 (56.0 ksi/fn) but the applied stress intensity calculated 
at the flaw bottom should be as shown in Figure 31(c). 

Notwithstanding the above noted flaw shape considerations, the plots of Figures 
30 through 32 may be used to compare the various magnification values. As 
noted, the results are in line with that of the aluminum data. That is, the 
calculated K JE values from Shah’s solution are consistently the lowest, and 
the other two solutions are comparable. Scatter appears to be similar for all 
solutions. 

4,2.3 Back Surface Dimpling 

Recent studies of back surface dimpling have made use of interferometric 
techniques to study the surface displacements caused by the formation of 
plastic zones Such techniques were not feasible on this program 
because instrumentation used to detect flaw break through made the rear surface 
inaccessible for direct observation. For this reason, strain gages were 
affixed to the rear surface to detect plastic zone penetration. Appendix 
A describes gage locations and includes example data. 
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For these tests it was assumed that dimpling had occurred when the maximum 
strain on the back surface was egual to the yield strain of the material 
defined by the 0.20 percent offset. The gross section stress at which this 
strain was reached is noted as the dimpling stress for each specimen in 
Tables 7 thru 15. It is recognized that this definition of dimpling threshold 
is somewhat arbitrary, however it does represent a procedure which is fairly 
reproducible in view of the fact that we are considering lateral deformations 
in the realm of a few hundred microinches. 

Figure 34 shows results for the 6A1-4V STA titanium tests. This is a plot 
of the crack aspect ratio, a/2c, versus crack depth ratio, a/t, at the per- 
ceived dimple threshold. This plot shows a definite trend for the data to 
group together for a given applied stress ratio ( CT /° ys ) with the perceived 
dimple threshold for a deeper crack occurring at a lower stress level as 
expected. The perceived dimple threshold is also relatively insensitive to 
changes in crack aspect ratio and at an applied stress level of a/a y$ - 0.99, 
such effect is virtually nonexistent. Average perceived dimple threshold 
curves for the five applied stress levels are thus shown in this figure. 

Experimentally determined average threshold curves are also compared with 
threshold curves estimated by the Dugdale model of plastic yielding proposed 
in Reference 20. Close agreement between the predicted and observed threshold 
of dimpling is noted in Figure 35 for applied stress level of a / Q y S = 0-79. 
Larger differences, as expected, are noted for larger applied stress levels. 

Since the Dugdale model used here does not account for strain hardening 
effects, the predicted threshold of dimpling would tend to occur at shallower 
cracks for larger applied stresses as shown in Figure 35. Francis et al^ 19 ^ 
tested 0.26 cm (0.10 inch) Ti6Al-4V of a lower strength and visually 
observed dimpling at a stress somewhat lower than predicted by Kobayashi , 
even at the very low stress levels (e.g., <0.30 a ). This anomaly probably 
stems from the methods used to measure the dimpling stress. 
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Figure 36 shows the effect of flaw shape and depth on dimpling stress for the 
2219-T87 aluminum data. The trends are similar to that of the titanium. That 
is, dimpling stress is strongly dependent on a/t, and relatively insensitive 
to flaw shape. Francis^ ^ tested 32.0 cm (0.125 inch) 2219-T87 sheet stock 
and measured dimple depth as a function of a/2c, a/t and stress ratio. This 
allows a rough comparison of data from the two sources. For example, from 
Figure 36 it can be seen that for flaw shapes of 0.20 and 0.40 dimpling would 
occur at a/o ys = 0.70 for a/t ratios of about 0.70 and 0.80, respectively. 

From Reference 18, it is estimated that these conditions would result in 
dimple depths of about 1524 ycm (600 microinches) for both cases, (data 
obtained from Figure 6 of Reference 18). Reference 18 notes that the dimple 
depth, when first detected by eye, was typically on the order of 50 ycm (20 
microinches). There was no mention of dimple size after unloading. 

( 21 ) 

It has been suggested' ' that the dimpling behavior of surface flaws 
potentially forms the basis for surface flaw detection in thin-walled pressure 
vessels. Certainly considerably more must be known about such behavior to 
implement such a procedure. However, the following suggests that such a 
technique may prove to be feasible. Using the curves of Figure 34, is 
plotted in Figure 37 in a nondimensionalized form against applied stress. 

This figure shows that the threshold of perceived dimple can possibly be used 
to estimate, within an estimated accuracy of 20%, the corresponding "average" 
stress intensity factor for a given applied stress level and plate thickness. 
It should be noted that the above estimated accuracy of predicting the average 
stress intensity factor is speculative at this time. Figure 37, however, 
does lend some credence to the suggestion that back surface dimpling can be 
used to estimate the average stress intensity factor of a surface flaw 
residing on the inside surfaces of thin-walled pressure vessels and which 
cannot be conveniently observed by direct NDT methods. 

4.2.4 Resistance Curve Considerations 

In prior paragraphs, it was noted that values were calculated based upon 
the initial flaw size and the maximum (failure) stress. However, it is 
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known that some amount of flaw extension precedes instability in most 
engineering materials. The actual critical stress intensity may differ from 
that calculated depending upon the amount and nature of the flaw extension 
occurring during the rising load. Insight into this behavior can be gained 
by comparing crack extension driving- and resistance-curves. This concept, 

developed by Irwin, has normally been applied to specimen types other than 

^ (22, 23, 24 and 25) 

the surface flaw specimen 


The resistance, or R curve, is a plot of crack growth resistance Kp as a 
function of crack extension in the material as the crack is driven under a 
continuously increasing stress intensity factor, as shown in Figure 38, Thus, 
R curves characterize the resistance to fracture of (tough) materials during 
incremental slow crack growth extension. For through cracked specimens R 
curves are dependent on material thickness and are normally assumed to be 
independent of specimen initial crack length, a.. , and specimen configuration. 

R curves can be used to determine the load necessary to cause unstable crack 
propagation for a specimen containing a given initial crack size, a., as shown 
in Figure 38. A family of crack driving force curves for the specimen are 
generated for initial crack length, a., as shown in the figure and the unique 
curve which is tangent to the R curve defines the load at which unstable 
fracture will occur. 


This program was not geared to obtain a comprehensive picture of flaw 
extension characteristics at or near instability, however, some of the find- 
ings obtained in overload/cyclic testing may prove useful in describing, at 
least qualitatively, the instability conditions for a set of 2219-T87 
aluminum tests. As discussed later in Section 4.3, overload/ cyclic tests 
were performed to determine the effect of a simulated proof test on subsequent 
cyclic flaw growth rates. It is important to note here only that the amount 
of stable growth which occurred on the single overload cycle could be detected 
on the fracture face of the specimen. The specimens selected are shown in 
Tables 34 through 36 as called out in Section 4.3. The data are for 1.27 cm 
(0.50 inch) thick 2217-T87 tested at 78°K (-320°F) and are plotted in Figure 
39 in terms of applied stress intensity versus growth increment. The initial 
flaw shapes are noted by the various symbols, and the initial flaw depth is 
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noted in parentheses next to the points. While there is considerable scatter 
in the data, it does appear that the amount of flaw extension can be described 
by consideration of both the maximum applied stress intensity and the initial 
flaw size. It is seen that there is a general trend, at a given stress 
intensity, that the smallest flaws exhibit the greatest extension. This does 
not appear to be unreasonable when it is recognized that for a fixed stress 
intensity, the smaller flaws would have to be loaded to a higher stress level. 

On the other hand, there is no strong indication of a flaw shape effect. 

While considerably more data would be required to confidently describe these 
interactions, the solid curves in Figure 39 were drawn to represent a best 
estimate of the average subcritical growth behavior. 

The above noted curves were then used to construct the crack extension 
resistance curves shown in Figures 40 and 41. Figure 40 represents specimens 
with a/2c of 0.40, comparable to those shown earlier in Figure 18a. The 
two specimens shown represent the shallowest and the deepest flaws of speci- 
mens which failed elastically. The two dotted curves represent resistance 
curves for specimens AS54-4 and -8 which contained initial flaw depths of 
0.71 cm (0.28 inch) and 1.09 cm (0.43 inch), respectively. The solid curves 
represent driving conditions at constant stress. It is seen that the driving 
and resistance curves become tangent at a stress intensity of 52.7 to 54.9 
MN/m 3 ^ 2 (48 to 50 ksi/Tn) after stable flaw extension on the order of about 
0.08 cm (0.030 inches). 

Figure 41 shows results of similar calculations for 1.27 cm (0.50 inch) thick 
2219 specimens containing flaws with a/2c of 0.10. These specimens are 
representative of those specimens which failed elastically (refer to Figure 
18c) and contained initial flaw depths of 0.41 cm (0.16 inch) through 0.84 cm 
(0.33 inch). Again it is seen that the points of tangency of the driving and 
resistance curves occur at a relatively constant stress intensity level of 
about 53.9 MN/m 3/2 (49.0 ksi^in). 
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The above examples indicate that crack instability may occur at an applied 
stress level somewhat less than the maximum stress attained during the 
fracture test, and after some measurable crack extension. However, the 
value calculated using maximum stress and initial flaw size in the cases 
studied compares quite well with that obtained by resistance curve considera- 
tions. There is not sufficient subcritical crack extension data available 
to determine over what range of thickness/flaw geometries this correlation 
would hold. 

4.2.5 Static Test Summary 

Some of the more important observations from the preceding discussion are 
summarized in the following paragraphs. 

(1) When plotted on a linear scale in terms of stress versus flaw size, 
static test results generally fall into one of three different 
regions as shown in Figure 42. The first region consists of the 
range of flaw sizes from zero at ultimate strength to a point at 
which a flaw causes failure at about 90 percent of typical yield 
strength. Through this range the failure locus roughly follows 
a straight line. With a further increase in flaw size, the failure 
locus follows a path which can be described fairly well with the 
use of back surface magnification factors of References 4, 11 and 
12. With a further increase in flaw size, the third region 
develops in which the flaw grows through the thickness prior to 
specimen failure. Failure strength in this region can be predicted 
by consideration of original flaw length and the applicable through- 
crack toughness of the material, K^. Departure from region II to 
region III appears to be a function of the initial ligament 
dimensions (t - ) and relative toughness of the material 

K IE 2 

( — — ) . This is shown in Figure 43 which summarizes behavior 

°ys 

of all the static test results. Data is grouped by alloy, flaw 
shape, and thicknesses tested. The window in each bar defines the 
point where failure mode changes from "fracture" to "leakage- 
before-fracture.” It appears for each material and flaw shape. 
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that a ligament of 0.10 ( K IE /° ys ) 2 falls <l uite close to the 
window. Additionally, for a thickness as small as approximately 
0.25 (K^/o ys ) 2 failure can result (prior to leakage) at stresses 
below the yield strength. 

(2) Within these overall general trends several unique characteristics 
peculiar to each of the alloys tested (or at least peculiar to the 
relative thickness of the alloys tested) were observed: 

(a) Back surface dimpling was detected on the majority of the 
2219-T87 aluminum specimens which fell into Region II. There 
were no systematic variations in calculated Kj E values as 
specimen thickness or flaw shape was varied. 

(b) Back surface dimpling was detected on the majority of the 
6A1-4V STA titanium specimens which fell into Region II. 

There were no systematic variations in calculated Kj E values 
as specimen thickness was varied. Calculated K IE values 
(i.e., calculated stress intensity at the bottom of the flaw) 
decreased with increasing a/2c ratios. 

(c) For the 7075-T651 aluminum tests, back surface dimpling was 
observed on the two thinner gages, but was not observed on the 
two thicker gages. Calculated average values for the 
thinner gages were about 18% higher than those for the thicker 
gages. 

(3) Based on COD traces and limited evidence from overload/cyclic tests 
(Reference Section 4.3) it is believed that varying degrees of flaw 
extension occurred prior to failure of all specimens with the 
possible exception of some of the thicker 7075 specimens. Based 
upon a study of crack driving and resistance curves and very 
limited crack extension data, it appears that the practice of 
using initial flaw size and maximum stress for Kj E calculations 
may not result in large errors. Certainly additional data are 
necessary in this area. 
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From these observations and related data, four major conclusions are offered. 


(1) When the yield zone penetrates the thickness relatively constant 
Kj E values are obtained over a wide range of thicknesses and 
flaw dimensions. Calculated values for thicker specimens 
(where the yield zone does not reach the back surface) may be 
lower than those obtained from the thinner gages. This was observed 
in the 7075 data. Considerably thicker gages would be required 

in 2219-T87 aluminum and the 6A1-4V titanium to test this con- 
clusion (i.e. s over 5.0 cm (2.0 inch) and 1.2 cm (0.50 inch), 
respectively ) . 

(2) For materials which are not highly directional with regard to crack 
propagation resistance, relatively constant values result over 
a wide range of flaw shapes. This implies that the surface flaw 
specimen measures the material toughness in the direction of the 
flaw minor axis, and that the flaw shape factor, $ , adequately 
describes the flaw geometry variable. 

(3) For materials in which the toughness in the edgewise direction 
(RW) is significantly lower than in the thickness direction (RT) 
fracture may not initiate in the depth direction for high a/2c 
geometries. Calculated values, assuming fracture initiates at 
the bottom of the flaw, would decrease with increasing a/2c ratio. 

It is estimated that the actual toughness in the RW direction 
would have to be less than 70 percent of that in the RT direction 
before this behavior would result. 


(4) 


As qualified by the above, failure before leakage can be 
described by available stress intensity solutions for stress 
levels below about 90 percent of yield up to the point where the 


K IE 2 

initial remaining flaw ligament is less than about 0.10 ( ) . 

°ys 

Through this range, use of either of the available magnification 
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terms (e.g., References 4, 11, 12) would appear to be acceptable 
as long as consistency is maintained from data generation to 
application. Beyond this point, leakage prior to fracture will 
result, and fracture strength is dependent upon crack length and 
the value of the material and thickness in Question. 

4.3 Cyclic Tests 

The effects of stress level, flaw shape, proof overload cycle, environment and 
test frequency on the cyclic flaw growth rates of various thicknesses of 
2219-T87 aluminum and 6A1-4V STA titanium were investigated and are presented 
in this section. Stress intensity values were calculated using Equation 1 with 
a deep flaw magnification factor as defined in Figure 3. 

4.3.1 Baseline da/dN Data 

Baseline cyclic flaw growth rate data, da/dN, were generated for 2219-T87 
aluminum (WT direction) in liquid nitrogen at 78K (-320F), 6A1-4V STA titanium 
(RT direction) in air at room temperature and 6A1-4V STA titanium (WT direction) 
in argon at room temperature. These baseline data were developed at a cr m -| n / 0 niax > 
(R ratio) of zero. 

2219-T87 Aluminum (WT direction) 

Three different thicknesses of 2219-T87 aluminum were cyclic tested in liquid 
nitrogen with a sinusoidal profile at a frequency of 0.33 Hz (20 cpm) . The 
thicknesses involved were 1.27 cm (0.50 inch), 0.51 cm (0.20 inch), and 0.38 cm 
(0.15 inch). Material thicknesses of 1.27 cm (0.50 inch) and 0.38 cm (0.15 
inch) were tested at moderate stress and high stress levels while a material 
thickness of 0.51 cm (0.20 inch) was tested only at the high stress level. The 
moderate and high stress levels were set at 0.67 o^ s and 0.91 cr , respectively. 
The specimen and test details for these tests are presented in Tables 16 through 
25. 
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The baseline da/dN data developed for the 1.27 cm (0.50 inch) thick material 
are shown in Figures 44 through 47. The crack growth rate data generated at a 
moderate cyclic stress level for specimens with initial flaw shapes, (a/2c). , 
of 0.37 and 0.30, are shown in Figures 44 and 45, respectively while Figures 
46 and 47 present the crack growth rate data developed at a high stress level 
for specimens with initial flaw shapes of 0.41 and 0.11, respectively. The 
data scatter bands are established on these plots. 

It should be pointed out that not all the fatigue crack growth rate data 
generated at a high cyclic stress level were included in establishing the 
data scatter bands. The solid symbols presented in Figures 46 and 47 represent 
growth rates calculated prior to flaw dimpling. At dimpling, the specimen was 
slightly marked so that the flaw size at that instant was clearly defined. It 
is believed that a large amount of flaw growth occurred during the first cycle, 
based on subsequent visual or photographic observation of the specimen fracture 
face. If growth-on-loading did occur during the first cycle and if this amount 
of growth was included in the crack growth rate calculations, it would result 
in faster apparent fatigue crack growth rates than would actually exist. For 
this reason the solid symbols were not included in defining the data scatter 
bands. 

The baseline da/dN data developed using 0.51 cm (0.20 inch) thick specimens 
with initial flaw shapes of 0.40 and 0.09 are shown in Figures 48 and 49. 

These data were generated at a high cyclic stress level (a Q = 0.91 o ). 

The baseline da/dN data developed for the 0.38 cm (0.15 inch) thick materials 
are shown in Figures 50 through 53. The crack growth rate data generated at a 
moderate cyclic stress level for specimens with initial flaw shapes of 0.37 
and 0.11, are shown in Figures 50 and 51, respectively while Figures 52 and 53 
present the cyclic flaw growth rate data developed at a high stress level for 
specimens with initial flaw shapes of 0.38 and 0.10, respectively. 
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A summary of all the baseline da/dN data presented in the preceding paragraphs 
for 2219r>T87 aluminum at 78K (-320F) is shown in Figure 54. The majority of 
data fall within a relatively narrow scatter band considering the range of 
material thicknesses, stress levels and flaw shapes presented. Only one set 
of data fell outside the basic scatter band as shown in Figure 54. These 
data were developed for the thinnest material tested, 0.38 cm (0.15 inch), 
as well as at the highest stress level and longest initial flaw shape. A 
previous investigation (Reference 4) demonstrated that thin sections of 
2219-T87 aluminum (less than 0.25 cm (0.10 inch) thick) exhibited increasing 
crack growth rates as the thickness decreased for a constant stress intensity. 
The increased growth rate observed for the 0.38 cm (0.15 inch) material over 
the 0.51 cm (0.20 inch) and 1.27 cm (0.50 inch) materials as tested herein 
could be the start of the increased crack growth rate for thinner materials 
tested in Reference 4. 

A comparison was made between the baseline cyclic crack growth rate data devel- 
oped in this program for 2219-T87 aluminum and data presented in Reference 25. 
These data are directly comparable; the tests being conducted at the same 
temperature, frequency, environment and flaw plane orientation. This 
comparison is presented in Figure 55 and shows a very good correlation of the 
two sets of data at both low cyclic stress (a Q = 0.46 o ys ) and high cyclic 
stress (o Q = 0.91 u ys ) levels. 

6A1-4V STA Titanium (RT direction) 

Three different thicknesses of 6A1-4V STA titanium (RT direction) were cyclic 

tested in air with a sinusoidal profile at a frequency of 0.33 Hz (20 cpm) . 

Material thicknesses of 0.54 cm (0.21 inch), 0.31 cm (0.12 inch) and 0.16 cm 

(0.063 inch) were tested at a moderate stress level of 0.77 a . These data 

y s 

were generated for initial flaw shapes of about 0,40 and 0.10. The specimen 
and test details for these tests are presented in Tables 26 through 31. The 
baseline da/dN data developed for the three thicknesses of material tested are 
shown in Figures 56 through 61. 
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A summary of all the baseline da/dN data developed in this experimental 
program for 6A1-4V STA titanium (RT direction) at 295K (72F) is included in 
Figure 62. The data fall within a relatively narrow scatter band considering 
the range of material thicknesses and flaw shapes tested. 

A comparison was made between the baseline cyclic growth rate data developed 
in this program for 6A1-4V STA titanium (RT direction and data presented in 
Reference 25. These data are directly comparable; the tests being conducted 
at the same temperature, frequency and flaw plane orientation. The environ- 
ments were different between the two sets of data; being air for the results 
presented herein and gaseous helium for the Reference 25 data. This difference 
is not believed to influence the cyclic crack growth rate results. This 
comparison is presented in Figure 63 and shows a good correlation of the two 
sets of data. 

6A1-4V STA Titanium (WT direction) 

Two different thicknesses of 6A1-4V STA titanium (WT direction) were cyclic 

tested in argon at a frequency of 0.17 Hz (10 cpm). The loading profile for 

these tests was triangular. Material thicknesses of 0.31 cm (0.12 inch) and 

0.16 cm (0.063 inch) were tested at a moderate stress level of 0.68 a . 

ys 

These data were generated for initial flaw shapes of 0.37 and 0.40. The 
specimen and test details for these tests are presented in Tables 32 and 33. 

The baseline da/dN data developed are shown in Figures 64 and 65. 

A summary of the data developed for the WT direction is shown in Figure 66 
and compares the result with the RT direction results. The scatter band for 
the WT direction result essentially falls within the scatter band for the 
RT direction. 

4.3.2 Proof Overload Effects on Baseline da/dN Data 

The effect of a proof overload on the subsequent fatigue crack growth rates 
was investigated for 2219-T87 aluminum (WT direction) in liquid nitrogen at 
78K (-320F), 6A1-4V STA titanium (RT direction) in air at room temperature 
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and 6A1-4V STA titanium (WT direction) in argon at room temperature. For 
these tests, the proof overload was conducted in the same environment and at 
the same temperature as the subsequent cyclic tests. 

2219-T87 Aluminum 

The effect of a cryogenic proof overload cycle on the fatigue crack growth 
rates was investigated for 2219-T87 aluminum using material thicknesses of 
1.27 cm (0.50 inch) and 0.38 cm (0.15 inch). 

The specimens were cryogenically proof stressed from between 0.85 o^ s to 

1.0 a and then cycled in liquid nitrogen at stress levels used to develop 
ys 

the baseline fatigue crack growth rate data (i.e., 0.67 a ^ and 0.91 a ). 

These tests were conducted at a frequency of 0.33 Hz (20 cpm). 

The specimen and test details for these tests are presented in Table 34 through 
40. For comparison purposes, all figures of cyclic flaw growth rate data 
presented below show the corresponding baseline growth rate data developed at 
the same cyclic stress level and initial flaw shape. 

The da/dN data for 1.27 cm (0.50 inch) thick material tested after receiving 
a proof overload cycle are shown in Figures 67 through 69. The growth rate 
data generated at a moderate cyclic stress level (a Q = 0.67 a ) for specimens 
with initial flaw shapes of 0.39 and 0.28, are shown in Figures 67 and 68, 
respectively. These results show that the fatigue crack growth rates are, in 
general, significantly retarded initially after receiving the proof over- 
load cycle and then tend to converge with the scatter bands of the baseline 
data as stress intensity increases. Specimens cycled at stress intensity 
values approaching critical after receiving a proof overload cycle do not 
show any retardation in crack growth rates. The crack growth rates at low stress 
intensity values after receiving an overload cycle are, in general, about one- 
fifth the non-overload rates. Figure 72 presents the crack growth rate data at 
a high cyclic stress level after receiving a proof overload cycle for specimens 
with initial flaw shapes of 0,36 and 0.11. For initial flaw shapes of 0.36 
there does not appear to be any detectable retardation in the crack growth rates 
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after receiving the proof overload cycle (based on a single test) whereas a sig- 
nificant retardation in crack growth rate was apparent for the data generated 
with an initial flaw shape of 0.11. 

It was noted in Section 4.3.1 that growth rates for the 0.38 cm (0.15 inch) 
thick specimens and the lowest flaw shape tended to be higher than those of 
any of the other thicknesses and shapes tested. As shown in Figure 72, the 
overload cycle appears to retard growth rates to values within the range 
of the thicker specimen data. While only limited data were generated in this 
area, it might be speculated that retardation may be more significant in 
thinner gages and lower flaw shape ratios. 

6A1-4V STA Titanium (RT direction) 

The effect of an ambient proof overload cycle on the fatigue crack growth 
rates was investigated for 6A1-4V STA titanium (RT direction) using material 
thicknesses of 0.54 cm (0.21 inch) and 0.16 cm (0.063 inch). The specimens 
were proof stressed to 0.89 and then cycled in air at 0.77 o ys (the 
stress level used to develop the baseline fatigue crack growth rate data). 

These tests were conducted at a frequency of 0.33 Hz (20 cpm). The specimen 
and test details for these tests are presented in Tables 41 through 44. 

The da/dN data for 0.54 cm (0.21 Inch) thick material tested after receiving 
a proof overload cycle are shown in Figures 73 and 74. All figures of crack 
growth rate data presented show the corresponding baseline growth rate data 
developed at the same cyclic stress level and initial flaw shape. These data 
were developed for initial flaw shapes of 0.37 and 0.10. From the data presented 
in these two figures it appears that the crack growth rates are only very slightly 
retarded, if at all, after receiving a proof overload cycle. Figures 75 and 
76 present the da/dN data for 0.16 cm (0.063 inch) thick specimens with 
initial flaw shapes of 0.33 and 0.09, respectively. The data shown in 
Figure 75 (high a/2c) demonstrates a significant initial retardation with a 
slight retardation effect over the remaining stress intensity range tested. 

The results obtained at the low initial flaw shape (Figure 76) generally 
falls within the scatter band of the baseline data with a slight retardation 
initially. 
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6A1-4V STA Titanium (WT direction) 

The effect of an ambient proof overload cycle on the fatigue crack growth rates 
was investigated for 6A1-4V STA titanium (WT direction) using material thick- 
nesses of 0.31 cm (0.12 inch) and 0.16 cm (0.063 inch). These specimens were 

proof tested to 0,91 a and then cycled in argon at 0.68 a (the stress 

ys ys 

level used to develop the baseline fatigue crack growth rate data). The tests 
were conducted at a frequency of 0.17 hz (10 cpm) with a triangular loading 
profile. The specimen and test details for these tests are presented in 
Tables 45 and 46. 

Figure 77 presents the da/dN data for the 0.31 cm (0.12 inch) thick material 
tested after receiving a proof overload cycle. All figures of crack growth 
rate data presented show the corresponding baseline crack growth rate data 
developed at the same cyclic stress level and initial flaw shape. These data 
were developed for an initial flaw shape of 0.38. Figure 78 shows the crack 
growth rate data for the 0.16 cm (0.063 inch) material tested with an initial 
flaw shape of 0.10. Both figures show a significant retardation of crack 
growth rate initially and then the rates approach the baseline scatter band 
values. The thin material results show more retardation than the moderately 
thick titanium. 

4.3.3 Environmental Effects on Baseline da/dN Data 

The effect of cyclic testing surface flawed 6A1-4V STA titanium (WT direction) 
specimens in a solution of 3.5°/ NaCl was investigated. These tests were 
conducted at 295K (72F) and at a test frequency of 0.17 Hz (10 cpm). The 
loading profile for these tests was triangular. Material thicknesses of 
0.31 cm (0.12 inch) and 0.16 cm (0.063 inch) were tested at a moderate 
stress level of 0.68 a^ s . The specimen and test details for these tests are 
presented in Tables 32 and 33. 

Figures 79 and 80 present the da/dN developed for the thicknesses of material 
tested in environments of argon and salt water and are compared with baseline 
data of Figures 64 and 65. These data were generated for initial flaw shapes 
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of 0.37 and 0.10. The data developed in salt-water show almost an order-of- 
magni tude increase in the crack growth rates at a given stress intensity com- 
pared to those developed In argon. 

4.3.4 Environmental/Proof Overload Effects on da/dN Data 

The effect of a proof overload on the subsequent fatigue crack growth rates 
was investigated using surface flawed 6A1-4V STA titanium (WT direction) 
specimens in a 3.5% NaCl solution. These tests were conducted at room 
temperature at a frequency of 0.17 Hz (10 cpm) with a triangular loading 
profile. Material thicknesses of 0.31 cm (0.12 inch) and 0.16 cm (0.063 inch) 
were tested at a moderate stress level of 0.68 a after receiving an ambient 
proof test in air. The specimen and test details for these tests are presented 
in Tables 47 and 48. 

Figure 81 presents the da/dN data for the 0.31 cm (0.12 inch) thick material 
tested after receiving a proof overload cycle. The figures of crack growth 
rate data presented show the corresponding no-proof growth rate data developed 
at the same cyclic stress level, initial flaw shape and in the same environment. 
These data were developed for an initial flaw shape of 0.38. Figure 82 shows 
the crack growth rate data for the 0.16 cm (0.063 inch) material tested with an 
initial flaw shape of 0.10. The data shown in Figure 81 show a significant 
initial retardation for some specimens compared to the no-proof data but then 
the crack growth rates appear to accelerate (compared to the no-proof data) as 
the critical stress intensity is approached. In addition, some specimens did 
not exhibit the initial retardation at all. The data presented in Figure 82 
show no retardation. It appears from this data that a proof overload cannot be 
relied upon as an effective means of reducing subsequent crack growth in an 
aggressive environment. 

4.3.5 Frequency/Proof Overload Effects on da/dN Data 

The effect of frequency on proof overloaded fatigue crack growth rates was 
investigated using surface flawed 6A1-4V STA titanium (WT direction) specimens 
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tested in a 3.5% NaCl solution. These tests were conducted at room tempera- 
ture at a frequency of 3.3 mHz (0.2 cpm) with a trapezoidal loading profile. 
The rise and fall time for this profile was 3 seconds for each. Material 
thicknesses of 0.31 cm (0.12 inch) and 0.16 cm (0.063 inch) were tested at a 
moderate stress level of 0.68 c after receiving an ambient proof test in 

air at a stress of about 0.91 a . The specimen and test details for these 
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tests are presented in Tables 49 and 50. Figures 83 and 84 present the da/dN 
data developed for the thicknesses of material tested. The figures of crack 
growth rate data presented show the corresponding proof overload crack growth 
rate data developed at a frequency of 0.17 Hz (10 cpm), and at the same stress 
level, initial flaw shape and environment. These crack growth rate data were 
generated for initial flaw shapes of 0.38 and 0.10. From these figures there 
does not appear to be any effect of decreasing the test frequency from 160 mHz 
(10 cpm) to 3.3 mHz (0.2 CDm). 

4.3.6 Cyclic Test Summary 

A summary of the cyclic results are presented in this paragraph. 

(1) Baseline surface flaw da/dN data (that developed with no proof 
overloads in inert environments) for a variety of stress levels, 
flaw shapes and material thicknesses can be adequately described 
as a function of stress intensity for the materials tested herein. 
Such plots are shown in Figure 85 for 2219-T87 aluminum and 
6A1-4V STA titanium and the ranges of applicability are described 
on this figure. 

(2) The effect of a prior proof overload cycle on surface flaw fatigue 
crack growth rates was investigated for a variety of materials, 
cyclic stress levels, flaw shapes and material thicknesses. A 
summary of the retardation effects observed are presented in 
Tables 51 and 52 for 2219-T87 aluminum and 6A1-4V STA titanium. 

In general, retardation can be expected initially after a proof 
test if the cyclic stress is considerably below the proof stress; 
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say approximately 0.75 a . As the cyclic stress level approaches 
the proof stress level the retardation becomes negligible. 

Generally, the thinner the material, the larger the amount of 
retardation due to a proof overload cycle. 

Retardation of subsequent da/dN rates due to a proof overload is a 
phenomenon that generally occurs but cannot be relied upon in 
every instance. Some identical test specimens exhibited no apparent 
retardation while others showed significant retardation. 

(3) The fatigue crack growth rates developed for 6A1-4V STA titanium 
exposed to a 3.5% NaCl solution were almost an order of magnitude 
greater than those rates developed in an inert argon environment. 

(4) The fatigue crack growth rates developed for 6A1-4V STA titanium 
exposed to a 3.5% NaCl solution after being subjected to a proof 
overload cycle showed retardation effects ranging from significant 
to nonexistent. In general, this retardation cannot be relied 
upon to occur. 


(5) The fatigue crack growth rates for 6A1-4V STA titanium exposed to a 
3.5% NaCl solution after being subjected to a proof overload cycle 
were not affected by cyclic frequency between 3.3 mHz (0.2 cpm) to 
160 mHz (10 cpm). 


4.4 Sustained Load Results 

The influence of a proof overload cycle on the subsequent sustained load 
flaw growth characteristics was investigated using 6A1-4V STA titanium (WT 
direction) exposed to a 3.5% NaCl solution. Three different thicknesses of 
material were tested; 0.54 cm (0.21 inch), 0.31 cm (0.12 inch) and 0.16 cm 
(0.063 inch). The specimens were, in general, sustain loaded at 0.68 a . 
Those specimens receiving a proof test were proofed to 0.91 a in air. The 
specimen and test details for these tests are presented in Tables 53 through 
55. 
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The results for all three thicknesses of material tested are presented in Figure 
86. The data developed using the 0.54 cm (0.21 inch) thick material shows that 
the threshold stress intensity, K-j-^, is considerably less than 45.5 Mf!/m 3//2 
(41.3 ksi/Tn) for specimens that were not proof tested. All tests conducted 
with this thickness of material used specimens with initial flaw shapes of 
0.37. These specimens all failed within one minute after being sustain loaded. 
Applying a proof test prior to sustain loading specimens resulted in a sig- 
nificant elevation of the threshold; 45.5 MN/m^ 2 (41.3 ksi/Tn) < K T ,, < 53.0 

3/2 , „ , . 'rl 

MN/m (48.2 ksi/in). In addition to the tests discussed above, two specimens 

were proof tested, then slightly marked (by low cycle fatigue for less than 
0.010 cm (0.004 inch) and then sustain loaded. These tests demonstrated that 
a small amount of flaw growth caused by cyclic operation could negate any 
beneficial effect a proof test might have. 

The data developed for the 0.31 cm (0.12 inch) thick material showed very 
similar results as those developed for the 0.54 cm (0.21 inch) material. The 
non-proof tested specimens indicated a threshold less than 39.2 MN/m^ 

(35.6 ksi/Tn) whereas the proof tested specimens did not show any flaw 
growth at a stress intensity level of 47.2 MN/m 3/2 (42.9 ksi/fn*) when loaded 
for 8 hours . 

The results obtained for the 0.16 cm (0.063 inch) material differed greatly 
from the thicker material results presented previously. Besides the difference 
in thickness one other difference should be pointed out between the tests, and 
that is, that the tests conducted with the 0.16 cm (0.063 inch) thick specimens 
had initial flaw shapes of 0.09 whereas the tests using thicker gages were 
conducted with specimens having initial flaw shapes of 0.37. As Figure 86 
illustrates, the non-proof loaded/threshold is 47.3 MN/m 3/2 (43.0 ksi/fn). 

A single specimen was proof tested and then sustain loaded. This specimen 
failed in the same amount of time as the non-proof specimens loaded to the 
same stress intensity level thereby indicating no beneficial effect of a 
proof test on K^,. The non-proof loaded/threshold appears higher for these 
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tests than those conducted for the tests utilizing thicker material. Again, 
it must be emphasized that flaw shape differences existed as well as material 
thicknesses and for this reason it cannot be ascertained whether or not a 
thickness or flaw shape effect was observed. 

From the results presented in Paragraph 4.4 it appears that a proof test is 
beneficial (elevates Ky^) for 6A1-4V STA titanium in thicknesses ranging from 
0.31 cm (0.12 inch) to 0.54 cm (0.21 inch) containing flaws with shapes of 
about 0.40 when sustain loaded in a salt-water environment. Such is not the 
case for a material thickness of 0.16 cm (0.063 inch) with flaw shapes of 
about 0.10; the threshold remains unchanged. It also appears from the tests 
conducted that the beneficial effects of proof overload cycle could be 
negated by a small amount of flaw growth caused by cyclic operation prior to 
being sustain loaded. 
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PRECEDING PAGE BLANK NOT FILMED 

5.0 CONCLUSIONS 


Major observations and conclusions were listed in detail in Sections 4.2.5 
{static tests), 4.3.6 (cyclic tests), and 4.4 (sustained load tests) and 
are summarized below. 


Static Fracture Tests 

(1) Any of the three available deep flaw solutions (4,11,12) can ^ usec j 
to describe failing stress flaw size locii for a wide range of 
thicknesses, flaw shapes and alloys under the following conditions: 

a) for maximum failing stresses of 0.90 

K ie 2 

b) for minimum thickness of about 0.25 ( ) . 

a ys 

Kjr 2 

c) for ligament size greater than about 0.10 ( ) . 

°ys 

d) for materials in which the fracture resistance in the edgewise 
(2c) direction is greater than about 70 percent of that in the 
depth (a) direction. 


Under these conditions Kj E values will vary, depending upon which 
of the three solutions are used and thus the solutions should not be 
mixed in analyzing and applying the fracture data. 


(2) The thickness of the majority of the specimens tested in this program 

ranged from 0.25 (~^) 2 to about 1.50 (-^)^ The plastic zone 

penetrated the back y surface on most of tKIse specimens. Thru this 

range, calculated values did not varv with thickness. Two 

sets of data were obtained on thicknesses of about 2.5 (-=^y and 

0 ys 

higher. In these cases back surface dimpling was not observed, and 
calculated values were somewhat lower than for the thinner gages. 
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Cyclic Tests 

(1) Baseline cyclic deep flaw growth rate data can be adeauately described 
as a function of applied Kj^ levels (using deep flaw magnification 
factors) within the same limits set for static testing noted above. 

(2) Growth rates are usually retarded after a proof overload for operating 
stresses less than about 0.75 cr . The degree of retardation general lv 
increases with decreasing thickness, however, the amount varied widelv 
between presumably identical test conditions. 

Sustained Load Tests 

(1) A proof overload cycle will elevate the sustained load threshold (K^,) 
in thick gage 6A1-4V titanium exposed to a salt water environment. 

However, this beneficial effect can be negated by a small amount of cyclic 
loading prior to the application of the sustained load. 
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APPENDIX A - STRAIN MEASUREMENTS 


A considerable amount of rear surface strain data was develooed during the 
course of this proaram and some of this data is presented in this appendix. 
Figures A-l through A-4 show how the rear surface strain varies as a function 
of distance from the flaw plane, stress level and flaw depth for various thick- 
nesses of 7075-T651 and 2219-T87 aluminum. These figures demonstrate that the 
maximum strain can be expected at about 45° from the plane of the surface flaw. 
These figures also show that the rear surface di recti v behind the flaw aoes 
into compression depending upon the applied stress level and flaw depth-to- 
thickness ratio. Typical strain results for the two materials are shown in 
Figures A-5 and A-6 as a function of flaw depth-to- thickness ratio for a con- 
stant thickness, flaw shape and stress level. These figures illustrate that 
significant localized bending exists directly behind the flaw and that this phen- 
omena occurs up to the point where the plastic zone engulfs the remaining liga- 
ment, at which point the remaining ligament is fully enveloped in a high tension 
stress field. 

The question of adeauate specimen width relative to the surface crack length 
was also addressed during the course of this program. The results of these 
tests are presented in Figure A-7 for 2219-T87 aluminum. These test results 
show that the strains on the back surface reach the nominal P/A value at a 
distance of about 2 - 2.5 times the crack length. The disturbed strain field 
behind the flaw appears from these tests to be fairly localized in nature and, 
therefore, specimen width-to-fl aw length ratios greater than 5 appear more than 
adeauate. 
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APPENDIX B - CALCULATION OF CRACK GROWTH RATES FPOM 
SURFACE FLAW OPENING MEASUREMENTS 

The specimens in this program that were cyclic tested were instrumented with a 
crack opening displacement (COD) measurement device as shown in Figure B1 so 
that the crack depth as a function of the applied cycles could be determined 
and consequently the crack growth rates calculated. The COD at the diametral 
center of a completely embedded elliptical flaw under normal stress was first 
related to the flaw size by Green and Sneddon (Reference 5) and is expressed 
by the equation 

cod = 6 = ; p2 ) — (b-d 

l tj> 

Although a rigorous solution is not available for flaw opening displacements 
for a semi -elliptical surface flaw, such displacements would also be proportional 
to o and a/$ for elastic materials. By following Irwin's procedure (Reference 
3) to account for the effect of plastic yielding, the flaw opening displacement 
for a surface flaw can be approximated by 

COD = <5 = C — (B-2) 

/Q 

where C is a constant, dependent upon material properties. 

Tests conducted in this program have shown that C tends to increase with increas- 
ing crack size, rather than remain constant. Figures B-2 through B-5 show 
the variation of C with flaw depth-to-thickness ratio for various flaw shapes. 
These data were generated from static fracture tests of 2219-T87 and 7075-T651 
aluminum using the general equation: 

d<5=a ( — )dC + Cad ( — ) + C ( — )da (B-3) 

vC vC 

The data presented in the figures were generated using a COD and corresponding 
stress level taken from the linear portion of the load/COD curve and the initial 
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stress level taken from the linear portion of the load/COD curve and the initial 
flaw dimension. It is assumed that the flaw size and the value of C remains 
constant during the linear portion of the load/COD curve, in which case 
equation (B-3) reduces to 

d6 = C { — ) d a (B-4) 

/O' 


From the figures, it can be seen that the value of C does not vary for short 
flaws, (a/2c) = 0.40, but varies significantly with a/t for long flaws, 

(a/2c) = 0. 10. In general, long flaws grow in depth significantly more than in 
the length direction during a cvclic test and therefore the flaw shape increases 
rapidly. Thus, the variation of C during a cvclic test of a specimen containing 
a long flaw would never be as severe as presented in Figure B-4. For short 
flaws or tests where the flaw growth is small, using a constant value of C aooears 
acceptable but to adequately define the flaw size as a function of the COD for 
long flaws requires that the variation of C with flaw depth-to-thickness be 
accounted for. Analyses were conducted in which the variation in C between 
the initial and final flaw size values was assumed to be either linear or a 
fourth order oolynominal and these results have shown that computed crack growth 
rates are very insensitive to the manner in which C varies. Therefore, the 
crack growth rate calculations in this report were based on an assumed linear 
variation in C between the known initial and final flaw size values as 
calculated below: 


c. -il( 4C). 

i a a 'i 


L f a 1 a J f 


(B-5) 


where the subscripts i and f refer to initial and final conditions, respectively. 
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In order to relate the flaw parameter (a/ vfT - ) to COD for values of (a /JfT) 
between the initial and final values an assumption must be made as to the 
manner in which the flaw shape changes from test initiation to termination. It 
was assumed that 


a - a ] . 2c - (2 c) 7 . 

jprr: s TSSTFT2C),. (M) 

i.e., both flaw depth and width growth simultaneously reach the same per- 
centage of their respective total growth from initial to final values. The 
flaw shape parameter (0) can now be determined as a function of flaw depth 
and, in turn, can be related to crack depth using Equation (B-2). The number 
of cycles (N) corresponding to each selected flaw depth value can be determined 
from the test record and, consequently, the chance in N for each increment 
of flaw depth is known. With knowledge of the flaw size, the stress intensity 
can be determined for any point during the cyclic test. For specimens that were 
proof tested prior to being cycled, the growth-on-loading due to the nroof 
test was not included in the calculation of fatigue flaw growth rates. The 
fracture face of these specimens clearly indicated the amount of growth-on- 
loading that had taken place during the proof test. For the specimens that 
were not proof tested, the fatigue crack growth rates were calculated as 
outlined above based on the initial and final flaw dimensions. For detailed 
fatigue growth rate calculations using the above procedure refer to Reference 25. 
All stress intensity calculations incorporate the use of the deep flaw magnif- 
ication factors from Reference 4. 
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Figure 3: Deep Flaw Magn, 
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Figure 6: 6AF4V Titanium Surface Flaw Specimen 
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Figure 7: 6AI-4V Titanium Surface Flaw Specimen 



















NOTE: DIMENSIONS ARE IN cm {INCH) 


SPECIMEN 

CONFIGURATION 

'V' 

■E9H 

T-9 

0.152(0.060) 

0.305(0.120) 

T-10 

0.305(0.120) 

0.635 (0.250) 

T-11 

0.533 (0.210) 

(D 

T-17 

0.762 (0.300) 

(D 


(1) MAXIMUM POSSIBLE AFTER MACHINING CLEANUP 


Figure 8 : 6AI-4V Titanium Surface Flaw Specimen 
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Figure 9 : Surface Flam Specimen 



















Figure 1 1: Surface Flaw Specimen 
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Figure 12: Aluminum Surface Flam Specimen 
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Figure 16: 2219-T87 Aluminum 
Stress Versus Flaw Size 
t = 0.38 cm (0. 15 Inch) 
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Figure 18: 2219-T87 Aluminum 
Stress Versus Flaw Size 
t = 1.27 cm (0.50 inch) 
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Figure 19: 2219-T87 Aluminum Stress Versus Flaw Size 
t= 1.90 cm (0.75 Inch) 
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Figure 20: 7075-T65I Aluminum Stress Versus Flaw Size 
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Figure 21: 6AI-4VSTA Titanium 
Stress Versus Flaw Size 
t = 0.15 cm (0.06 Inch) 


73 


STRESS, o( KSI) 






STRESS, <7 (MN/m 2 ) STRESS, o (MN/m 2 ] 


FLAW DEPTH, a (INCH) 



22a: 


FLAW DEPTH, a (INCH) 

0 0.04 0.08 0.12 0.16 



FLAW DEPTH, a (INCH) 

0 0.04 0.08 0.12 0.16 



22c: 


k, e = 80.2 MN/m 3/2 (73.0 KSI v'lN.) 
±10% (REF.) 


LEGEND: 

O FAILURE STRESS 
• BREAKTHROUGH STRESS 
A DIMPLING 

TEST TEMPERATURE: ROOM 
TEST DIRECTION: RT 


Figure 22: 6AI-4VSTA Titanium 
Stress Versus Flaw Size 
t = 0.32 cm (0. 125 Inch) 
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Figure 23: 6AI-4VSTA Titanium 
Stress Versus Flaw Size 
t = 0.53 cm (0.21 Inch ) 
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Figure 24: 6AI-4VSTA Titanium Stress Versus Flaw Size 
t = 0.76 cm (0.30 inch) 
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Figure 25: Comparison of Magnification Terms r 2219-T87 Base Meta! at 78° K (-320° F), WT Direction 


s/Tn 















A a/2c "> 0.10 
O a/2c w 0.40 


2219-T87 



Figure 26: Comparison of Magnification Terms,2219-T87 Base 
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Figure 27: Comparison of Magnification Terms,22l9-T87 Base Metal at 78°K (-320° F),RT Direction < Data Taken From Ref. (4)) 
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Figure 28: Comparison of Magnification Terms, 2219-T87 Base Meta! at 20°K (-423°F),RT Direction (Data Taken From Ref . 4) 
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Figure 32: Comparison of Magnification Terms, 6AM V Titanium ST A at Room Temperature, RT Direction, a/2c = 0.40 
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Figure 42: Generalized Stress Versus Flaw Depth Relationship for Static Fracture 
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Figure 44: Cyclic Crack Growth Rates for 1.27 cm (0.50 Inch) Thick 2219-T87 Aluminum (WT Direction) 
at 78° K (-320° F) with o 0 = 0.67 o ys and (a/2c)j ss 0.37 
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Figure 46: Cyclic Crack Growth Rates for 1.27 cm (0.50 Inch) Thick 22 19-T87 Aluminum (WT Direction) 
at 78° K (-320° F) with o 0 = 0.91 o ys and ( a/2c),- = 0.41 


■=190 

-80 

-70 

-60 

-50 

-40 

-30 

-20 


J'° 

100,000 


K| (KSI,/TN.) 


















kO 

00 


da/dN (MINCH/CYCLE) 


CN 

c*5 

E 


100p 

90- 

80- 

70- 

60- 

50- 

40- 


100 


1,000 


10,000 

~ T~ 



90 
80 

70 
60 

50 
— 40 


SCATTER BAND 


~ 30f 


20H 


10 } 


D> 

&> 


DEVELOPED AT 20 CPM 
SINUSOIDAL AND R = 0 

SOLID SYMBOLS ARE GROWTH RATES WHICH 
INCLUDE POSSIBLE FLAW GROWTH ON FIRST 
CYCLE (SEE PARA. 4.3.11 


L_ 

100 


| SPEOMEN 

CYCLIC 
STRESS, O q 
MN/ m 2 (KSI) 

fa/2 C ); 

l,D. 

SYM. 

CAS1-1 

o 

41 2 (59.8) 

0.13 

CA51-2 

0 

412 (59.8) 

0.10 

CA51-3 

A 

412 (59.B) 

0.10 

CA51-4 

O 

412 (59.81 

0.09 


— |20 


-ho 


10 


1,000 

da/dN (Atcm/CYCLE) 


10,000 


100,000 


Figure 47: Cyclic Crack Growth Rates for 1.27 cm (0.50 Inch ) Thick 2219- T87 Aluminum (WT Direction) 
at 78° K (-320° F) with o 0 = 0.91 o ys and ( a/2c )/ = 0.11 
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Figure 49: Cyclic Crack Growth Rates for 0.51 cm (0.20 Inch) Thick 2219-T87 Aluminum (WT Direction) 
at 78° K (-320° F) with o 0 = 0.91 o ys and (a/2c)j = 0.09 
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Figure 51: Cyclic Crack Growth Rates for 0.38 cm (0. 15 Inch) Thick 2219-T87 Aluminum (WT Direction) 
at 78° K (-320° F) with o 0 - 0.67 o ys and (a/2c)j ~0.11 
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Figure 54: Summary of Baseline Cyclic Crack Growth Rates for 22 1 9-T8 7 Aluminum (WT Direction ) at 78° K (-320° F) 
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Figure 55: Comparison of 2219-T87 Aluminum (WT Direction ) Fatigue Crack Growth Rate Data at 78° K (-320° F) 
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Figure 56: Cyclic Crack Growth Rates&^or 0.54 cm (0.21 Inch) Thick 6M-4VSTA Titanium (RT Direction) 
at 295° K (729 F) in Air with o 0 - 0.77 o y$ and ( a/2c )/ = 0.39 
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Figure 57: Cyclic Crack Growth Rates ^^for 0. 54 cm (0.21 Inch) Thick 6AI4VSTA Titanium (RT Direction) 
at 295° K (72° F) in Air with o 0 - 0. 77 o ys and (a/2c)j ss 0. 10 
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Figure 58: Cyclic Crack Growth Rates^^for 0.31 cm (0. 12 Inch) Thick 6AI4 V STA Titanium (RT Direction) 
at 295° K (72° F) in Air with o 0 = 0.77 o ys and (a/2c)j as 0.34 
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Figure 60: Cyclic Crack Growth Ratefi^for 0. 16 cm (0.063 Inch) Thick 6A14V STA Titanium (RT Direction) 
at 295° K (72° F) in Air with o 0 - 0. 77 o ys and (a/2c)j = 0.40 
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Figure 62: Summary of Baseline Cyclic 
(RT Direction) Plate at 295 c 
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Figure 64: Cyclic Creek Growth Rates 
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Figure 65: Cyclic Crack Growth Rates^for 0. 16 cm (0.063 Inch ) Thick 6AI-4V STA Titanium (WT Direction) 


at 295° K (729 F) in Argon with o 0 = 0.68 Oy S and (a/2c)j as 0. 10 
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Figure 66: Effect of Crack Orientation on Fatigue Crack Growth Rate Data for 6AM V STA Titanium at 295° K (72° F) 
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Figure 68: Cyclic Crack Growth Rates (After a Cryogenic Proof Test) for 127 cm (0.50 Inch) Thick 2219-T87 Aluminum 
(WT Direction) at 78° K (-320° F) with o 0 - 0.67 Oy S and ( a/2c )/ = 0.28 
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Figure69: Cyclic Crack Growth Rates {After a Cryogenic Proof Test) for 1.27 cm (0.50 inch) Thick 2219-T87 Aluminum 
(WT Direction) at 78° K (-320° F) with o 0 = 0.91 Oy S and (a/2c)j = 0.40 and 0. 10 
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Figure 70: Cyclic Crack Growth Rates (A fter a Cryogenic Proof Test) for 0.38 cm (0. 15 Inch) Thick 2219- T87 Aluminum 
(WT Direction) at 78° K (-320° F) with o 0 as 0.67 Oy S and (a/2c)j = 0.37 
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Figure 71: Cyclic Crack Growth Rates (After a Cryogenic Proof Test) for 0.38 cm (0. 15 inch) Thick 2219-T87 Aluminum 
(WT Direction ) at 78° K (-320P F) with o Q - 0.67 o vs and (a/2c)j = 0.11 
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Figure 72: Cyclic Crack Growth Rates (After a Cryogenic Proof Test) for 0.38 cm (0. 15 Inch) Thick 2219-T89 Aluminum 
(WT Direction) at 78° K (-320° F) with o 0 - 0.76 Oy S 0.91 Oy S and (a/2c)j =0.11 and 0.36 
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Figure 75: Cyclic Crack Growth HatesiA fter a Proof Test) For 0. 16 cm (0.063 Inch) Thick 6A14 V ST A Titanium 
(RT Direction) at 295° K (72° F) in Air With u 0 = 0. 77 Oy S and ( a/2c )/ =. 0.33 
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Figure 76: Cyclic Crack Growth Rates L ^(After a Proof Test) For 0. 16 cm (0.063 Inch } Thick 6AI-4V ST A Titanium 
(RT Direction ) at 295° K (72° F) in Air With o 0 = 0.77 o ys and (a/2c)j “ 0.09 


K, (KSI v^N) 










K| (MN/m 3/2 » 


ro 

co 


da/dN (fx INCH/CYCLE) 


110 — 
100 - 
90 - 
80 - 
70 - 
60 - 

50 “ 
40 - 


10 


100 


1000 


10,000 


°„ 



£ 


NO PROOF TEST SCATTER SAND IN ARGON 
FOR O c = 0.68 O y8 AND (a/2c)j a 0.37 
(REF. FIGURE 64) 
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Figure 77: Cyclic Crack Growth Rates 




(After a Proof Test) For 0.31 cm (0. 12 Inch) Thick 6AMVSTA Titanium 


(WT Direction) at 295° K (72°F)in Argon With o 0 = O.S8 Oy S and (a/2c)j = 0.38 
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Figure 78: Cyclic Crack Growth RateJ^^f After a Proof Test) For 0. 16 cm (0.063 Inch) Thick 6AI-4VSTA Titanium 
(WT Direction) at 295° K (729 F) in Argon With o 0 - 0.68 o ys and ( a /2c )/ ~ 0 . 10 
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Figure 79: Cyclic Crack Growth Rates 




for 0.31 cm (0. 12 Inch ) Thick 6AMVSTA Titanium { WT Direction ) 


at 295° K (72° F) Salt Water with o 0 = 0.68 o ys and <a/2c)j as 0.37 
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Figure 80: Cyclic Crack Growth Rates 




for 0. 16 cm (0.063 Inch) Thick 6AI-4VSTA Titanium (WT Direction) 


at 295° K (72° F) Salt Water with o 0 = 0.68 o ys and (a/2c)j =s 0. 10 
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Figure 81: Cyclic Crack Growth Rates 




(After a Proof Test) For 0.31 cm (0. 12 Inch) Thick 6AI4V STA Titanium 


(WT Direction) at 295° K (72° F) in Sait Water With o 0 = 0.68 Oy S and (a/2c)j ~ 0.38 
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Figure 82: Cyclic Crack Growth Rates^^f After a Proof Test) For 0. 16 cm (0.063 Inch) Thick 6 AM V STA Titanium 
(WT Direction) at 295° K (72° F) in Salt Water With o 0 = 0.68 o ys and (a/2c)j = 0. 10 
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f = 0.16 Hz (10 CPM), O g = 0.68 CT ys 
AND (a/2c)j 0.38 ** 

(REF. FIGURE 79) 
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Figure 83: Cyclic Crack Growth Rates 




(A fter a Proof Test) for 0.31 cm ( 0 . 12 Inch) Thick 6A14 V ST A Titanium 


( WT Direction) at 295° K (72° F) in Sait Water with o 0 - 0.68 Oy S and (a/2c)j = 0.38 
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f = 0.16 Hz (10 CPMI, 

O q = 0.68 <J ys AND (a/2c)j s 0.10 
(REF. FIGURE 801 
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Figure 84: Cyclic Crack Growth Rates (After a Proof Test) for 0. 16 cm (0.063 inch) Thick 6AMVSTA Titanium 
(WT Direction) at 295° K (72° F) in Salt Water with o 0 ~ 0.68 o ys and (a/2c)j ~ 0. 10 
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Figure 85: Summary of Baseline da/dN Developed for 22I9-T87 Aluminum and 6AI-4V STA 
Titanium in Inert Environments 
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Figure 86: Summery of 6AI-4VSTA 


Titanium (WT Direction ) Sustained Load Data 
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m Salt Water at 295° K (72° F) 
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Figure A-1: Rear Surface Strain Gage Data for 0381 cm (QL ISO inch) and 0.508 cm (0200 inch ) Thick 
7075‘TSSI Aluminum at Room Temperature 
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Figure A-3: Rear Surface Strain Gage Data for 1.905 cm (0. 750 Inch) Thick 7075-T651 Aluminum 
at Room Temperature 
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Figure A-4: Rear Surface Strain Gage Data for 0.508 cm (0.200 Inch) Thick 221 9-T87 Aluminum 
at 78° K (-3200 F) 
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Figure A-7: Rear Surface Strain Gage Data for 1.27 cm (0.500 Inch) Thick 2219-T87 Aluminum at -320° F 
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Figure B-1: ED! Clip Gage Installation 
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Figure B-3: Variation of C with Flaw Depth for 2219- T87 Aluminum at 78° K (-320° F) and an (a/2c)f s 0.25 
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Table 1: Summary: NAS3- 10290 Investigation of Deep Flaws in Thin Walled Tanks 


MATERIAL 

THICKNESS 
cm (INCH) 

TEST 

TEMPERATURE 

°K(°F) 

TEST TYPE | 

TENSILE 

STATIC FRACTURE 

CYCLIC 

SURFACE 

FLAWED 

SURFACE 

FLAWED 

CENTER 

CRACK 

2219-T87 

1.588 (0.625) 

R.T. 


X 

X 

X 

ALUMINUM 

& 

78 (-320) 


X 

X 

X 

PARENT METAL 

0.160(0.063) 

20 (-423) 

■9 

X 

X 

X 

2219 

2.54 (1.00) 

R.T. 

X 

n 

□ 

X 

ALUMINUM 

& 

78 (-320) 

X 



X 

WELD METAL 

0.318 (0.125) 

20 (-423) 

X 

1^1 

mM 

X 

5AI-2.55n ELI 

0.508 (0.200) 

R.T. 

— 

X 


mm 

TITANIUM 

& 

78 (-320) 


X 



PARENT METAL 

0.051 (0.020) 

20 (-423) 


X 

mBM 

9KHH 

5A1-2.5Sn 

0.508 (0.200) 

R.T. 


X 

X 

X 

TITANIUM 

& 

78 (-320) 


X 

X 

X 

WELD METAL 

0.051 (0.020) 

20 (-423) 

mm 

X 

X 

X 
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Table 2: Test Summary 


MATERIAL 

GAGE 

THICKNESS 
cm (INCH) 

TENSILE 

TESTS 

SURFACE FLAW TESTS 

TEST 

TEMPERATURE 
°K (°F) 

FLAW DEPTH TO LENGTH RATIO <a/2c) 

STATIC 

FRACTURE 

CYCLIC 

OVERLOAD 

CYCLIC 

OVERLOAD 

SUSTAINED 

2219-T87 

0.381 

(0.150) 

(A) 


0.10, 0.25, 0.40 


0.10 ft 0.40 

0.10 & 0.40 

ALUMINUM 

0.500 

(0.200) 

— 

78 

1 VIA) 

a 10, 0.25, 0.40 

— 

— 

_ 

PARENT METAL 

1.270 

(0.500) 

— 

1-32UJ 

0.10, 0.25, 0.40 

0.10 & 0.40 

0.10 & 0.40 

0.10 & 0.40 


1.805 

(£L7K» 

(A) 


0.25 

— 

— 




0.076 

(0.030) 

(A) 



— 




6AJ-4V ST A 

0.152 

10.030) 

■ 



0.10 & 0.40 

0.10 & 0.40 

0.10 & 0.40 

TITANIUM 

a$os 


l 1 

R.T , 

0.10. 0.25, 0.40 

— 

o.io a 0.40 

0.10 & 0.40 

PARENT METAL 

0.133 




0.10, 0.25, 0.40 

ate & e.4Q 

o.io a o.40 

0.10 & 0.40 


0.762 

mi 



0.25 

- 

— 

— 

7075-T651 

0.381 




0.25 

— 

— 

— 

ALUMINUM 

0 .608 



R T 

0.25 

- 

- 

- 

PARENT METAL 

1.270 

(O.SOO) 


n.l. 

0.25 

- 

— 

- 


1.850 

(0.750) 

(B) | 


0.25 

— 

- 

— 


(A) - TENSILE TESTS (BOTH LONGITUDINAL & TRANSVERSE) CONDUCTED AT R.T., 78°K (~320°F) AND 20°K (-423°F) 

(B) - TENSILE TESTS (BOTH LONGITUDINAL & TRANSVERSE) CONDUCTED AT R.T. 



















Table 3: Chemical Compositions of Materials 


ELEMENT 
(% By Weight) 

2219 

ALUMINUM 

PLATE 


6AMV 

TITANIUM 

PLATE 





Copper 

5.80 

6.80 

1.20 

2.00 

_ 

Silicon 

- 

0.20 

- 

0.50 

— 

Manganese 

0.20 

0.40 

- 

0.30 

— 

Mayiesium 

- 


2.10 

2.90 

- 

Iron 

- 

■ 

- 

0.70 

0.120 

Chromium 



0.18 

0.40 

- 

Zinc 

- 

0.10 

5.10 

6.10 

- 

Vanadium 

0.05 

0.15 

- 

- 

4.0 

Zirconium 

0,10 

0.25 

- 

- 

- 

Carbon 

- 

- 

- 

- 

0.026 

Nitrogen (ppm) 

- 

- 

- 

- 

130 

Oxygen (ppm) 

- 

- 

- 

- 

1500 

Hydrogen (ppm) 

- 

- 

- 

- 

80 

Titanium 

0.02 

0.10 

1 - 

0.20 

Remainder 

Aluminum 

Remainder 

Remainder 

5.80 

Other 

- 

- 

— 

0.15 

— 







Table 4: Tensile Properties 2219 • T87 Aluminum Parent Meta / 


SPECIMEN 

NUMBER 

NOMINAL 
THICKNESS 
cm (INCH) 

—1 

< 

o 

p ^ 

£ o 

<S> < ~ 

o Wrsi 

ICC r 

o < 5 

GRAIN DIRECTION 
L-LONGITUDINAL 
T-TRANSVERSE 

TEST 

ENVIRONMENT 

TEST 

TEMPERATURE 
°K (°F) 

ULTIMATE 
STRENGTH 
MIM/m2 { KSI) 

YIELD 
STRENGTH 
MN/m2 (KSI) 

PERCENT ELONGATION] 
IN 5.08 cm (2.0 INCH) < 

GAGE LENGTH ; 

REDUCTION IN 
AREA AT FRACTURE 

(%) 

poisson's 

RATIO 

CM 

E — 
LL Z<? 
0>-5 * 

gk X * 

SLU i L 

TA-1 

TA-2 

TA-7 

TA-8 

1.91 

(0.75) 

1.91 

(0.75) 

0.38 

(0.15) 

0*38 

(0.15) 

2.406 

(0.373) 

2.406 

(0.373 

0.497 

(0.077) 

0.491 

(0.076) 




469.5 

(68.10) 

470.9 

(68.30) 

462.7 

(67.10) 

462.7 

(67.10) 

381.3 

(55.30) 

382.0 

(55.40) 

375.1 

(54.40) 
376.5 
(54.60) 

12.5 

13.0 

11.0 

10.5 

24.8 

77.8 

30.9 
30.3 

0.331 

0.313 

0.340 

0.344 

73.1 

(10.6) 

69.0 

(10.0) 

73.8 
110.7) 

75.8 
(11.0) 

TA-1 3 
TA-1 4 
TA-1 9 
TA-20 

1 

Prl 

■pvt® 

2.451 

(0.380) 

2.458 

(0.381) 

0.497 

(0.077) 

0.491 

(0.076) 

T 

471.6 

(68.40) 

473.6 
(68.70) 

464.7 

(67.40) 

475.8 
(69.00) 

374.4 

(54.30) 

377.8 

(54.80) 
371.0 

(53.80) 
380.6 
(55.20) 

8.0 

7.5 

7.5 

8.0 

10.4 
11.9 

15.4 
11.7 

0.336 

0.327 

0.355 

0.338 

72.4 
(10.5) 

71.0 

(10.3) 
78.6 

(11.4) 

74.5 
(10.8) 

TA-3 

TA-4 

TA-9 

TA-10 

1.91 

(0.75) 

1.91 

(0.75) 

0.38 

(0.15) 

0.38 

<0.15) 

2.432 

(0.377) 

2.451 

(0.380) 

0.491 

(0.076) 

0.491 

(0.076) 

L 

ln 2 

78 

(-320) 

574.4 
(83.30) 
582.6 
(84.50) 

570.2 

(82.70) 

569.5 
(82.60) 

439.2 
(63.70) 

452.3 
(65.60) 

450.2 
(65.30) 

461.3 
(66.90) 

14.0 

15.0 

12.5 

11.5 

25.3 

25.4 

25.5 
27.1 

0.309 

0.333 

0.322 

0.338 

75.2 
(10.9) 

79.3 
(11.5) 

80.7 
(11.7) 

82.7 
(12.0) 

TA-1 5 
TA-1 6 
TA-21 
TA-22 

1.91 

(0.75) 

1.91 

(0.75) 

0.38 

(0.15) 

0.38 

(0.15) 

2.465 

(0.382) 

2.445 

(0l379) 

0.491 

(0.076) 

0.491 

(0.076) 

T 

584.7 

(84.80) 

593.7 
(86.10) 
579.2 
(84.00) 

577.8 

(83.80) 

455.1 

(66.00) 

464.0 

(67.30) 

448.9 

(65.10) 

AAA 7 

(64.50) 

11.0 

10.5 

10.0 

11.0 

13.3 
12.8 

18.4 
19.3 

0.329 

0.327 

0.340 

0.336 

81.4 

(11.8) 

77.2 

(11.2) 

84.8 

(12.3) 

80,7 

(11.7) 

TA-5 
TA-6 
TA-1 1 

ta-i? 

1.91 

(0.75) 

1.91 

(0.75) 

0.38 

(0.15) 

0.38 

m 

L 

LH 2 

20 

(-423) 


469.5 

(68.10) 

475.8 

(69.00) 

475.1 

168.90) 

16.5 

16.5 
15.0 

15.5 ! 

20.0 

18.5 
13.0 

14.6 

0.349 
0.387 
0.349 
1 0.388 

95.8 

(13.9) 

100.7 

(14.6) 

92.4 

(13.4) 

. . . 

1.91 

(0.75) 

1.91 

(0.75) 

0.38 

(0.15) 

0.38 

(0.15) 

2.413 

(0.374) 

2.445 

(0.379) 

0.491 

(0.076) 

0.491 

(0.076) 

T 

699.8 

(101.50) 

692.9 

(100.50) 
680.5 
(98.70) 
695.0 

(100.80) 

497.8 

(72.20) 

494.4 

(71.70) 

484.0 

170.20) 

497.8 

(72.201 

12.0 

14.5 
13.0 

13.5 

11.6 

14.8 

13.5 

14.2 

0.389 

0.389 

0.371 

0.396 

102.0 

(14.8) 

97.9 

(14.2) 

99.3 

(14.41 

97.9 

(14.2) 


156 

































































Table 5: Tensile Properties 7075-T6 Aluminum Parent Meta! 
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Table 6: Tensile Properties 6A/-4V STA Titanium Parent Meta! 


SPECIMEN 

NUMBER 

Nominal 

THICKNESS 
cm (INCH) 

—1 

< 

z 

g 

& 

s % 

$<=■ 
O ^ CM 

tr.cc £ 

U < o 

GRAIN DIRECTION 
L-LONGITUDINAL 
T-TRANSVERSE 

TEST 

ENVIRONMENT 

TEST 

TEMPERATURE, 

°K (°F) i 

ULTIMATE 
STRENGTH, 
MN/m2 (KSI) 

YIELD 
STRENGTH 
MN/m2 (KSI) 

% ELONGATION IN 
5.08 cm (2.00 INCH) 
GAGE LENGTH 

REDUCTION IN 
AREA OF FRACTURE 
(%) 

— 

POISSON'S 

RATIO 

CM 

u. E- 
o>z w 

O Jj x 

LU i £ 

TT-1 
TT 2 
TT-7 
TT-8 



0.64 

(0.261 

0.64 

(0.26) 

0.06 

(0.02) 

0.05 

(0.02) 

0.806 
(0.1 26) 
0.800 
(0.J24) 
0.071 
(0.011) 
0.071 
(0.011) 

L 

AIR 

RT. 

1174.2 

(170.30) 

1174.2 
(170.30) 

1137.0 

(164.90) 

1143.2 
(165.80) 

1073.6 

(165.70) 

1070.1 

(155.20) 

1017.0 

(147.50) 

1039.8 

(150.80) 

iao 

11.0 

5.5 

5.5 

35.9 

34.1 

80.7 

28.3 


(J 


0.64 

(0.25) 

0.64 

(0.26) 

aos 

(0.02) 

0.C5 

(0.02) 

0.819 

(0.127) 

0.819 

(0.127) 

0.071 

(0.011) 

0.071 

(0.0111 

T 

1191.6 
(172.80) 

1199.7 
<174.001 

1137.7 
(165.00) 

1181.1 

(171.30) 

1117.0 
(162.00) 

1115.6 

d6i-eo> 

1049.4 

(152.20) 

1081.1 
(156.80) 

9.0 
10.0 

6.0 
5.0 

31.2 

36.3 
28.9 

23.3 

0.290 

0.303 

0.306 

0.308 

126.2 

(18.3) 

129.6 

(18.8) 

122.0 

(17.7) 

124.8 

(18.1) 

TT-3 

TT-4 

TT-9 

TT-10 

0.64 
(0.25) 
0.64 
(0.26) 
0.05 
(0.02) 
0.06 
. 10.02) 

0.819 

(0.127) 

0819 

(0.127) 

0.071 

(0.011) 

0.071 

(0.011) 

L 


78 

(-320) 

1758.9 

(256.10) 
1741.0 

(252.50) 

1671.3 

(242.40) 

1648.6 

(239.10) 

JR 

10.6 

10.6 

4.0 

3.0 

19.4 

20.3 

22.4 
21.7 

0.293 

0.291 

0.285 

0.297 

133.1 
(19.3) 

132.4 

(19.2) 

125.5 

(18.2) 

124.1 
(18.0) 

TT-15 
TT-1 6 
TT-20 
TT-22 

0.64 

(0.26) 

0.64 

(0.26) 

0.06 

(0.02) 

0.06 

(0.02) 

0.819 

(0.127) 

0.819 

(0,127) 

0.071 

(0.011) 

0.071 

U&&LLL 

T 

1716.9 

(249.00) 

1730.0 

(25Ql90) 

1687.2 

(244.70) 

1762.4 

1255.60) 

1634.8 

(237.10) 

1662.4 

(241.10) 
1612.1 

(233.80) 

1684.4 
(244,30) 

5.5 

6.0 

3.0 

3.5 

22.5 

22.1 

21.7 

19.2 

0.288 

0.305 

0.301 

0.294 

133.1 

(19.3) 
134.5 
(19.5) 
133.8 

(19.4) 
139.3 
(20,2) 

TT-5 
TT-6 
TT-1 1 
TT-1 2 

0.64 

(0.25) 

0,64 

(0.25) 

0.05 

(ao 2 ) 

0.05 

(0.02) 

0.794 

(0.123) 

0.813 

(0.126) 

0.071 

(0.011) 

0.077 

(0.012) 

| 


20 

2004.4 
(290.7) 

2017.5 
(292.0) 

1989.2 

(288.B) 

1976.1 

(286.6) 

197&2 

(286.9) 

1923.0 

(W 

1 

18.7 
15.9 

12.8 

0.259 

0.264 

0.262 

0.261 

122.2 

(17.72) 

127.9 

(18.55) 

127.4 
(18.48) 

125.5 
(18.35) 

TT-1 7 
TT-1 8 
TT-23 
TT-24 

0.64 

(0.25) 

0.64 

(0.25) 

0.05 

(0.02) 

aos 

0.819 
(0.127) 
0.819 
(0.1271 
0.071 
(0.011) 
0.071 
(0.01 1 ) 

| 

1-423) 

1931.3 
(280l1) 

1949.2 
(282.7) 

1 963.4 
(283.3) 

1958.2 

iM-£L 

19G9.2 

1276.9) 

1861.0 

(269.9) 

1881.0 

■IZEML. 

3.0 

2.2 

3.0 

1.8 

18.0 

14.6 

18.0 

0.290 

0.232 

0.261 

0.253 

136.7 
(19.83) 
133.1 
(19.31) 
134.9 
(19.57) 

135.7 

i \m> 


158 




















































Table 7: Static Fracture Data for 0.38 cm ( 0 1 15 Inch) 2219-T87 Aluminum Parent Metal (WT Direction) 


en 

KO 


















































Table 8: Static Fracture Data for 0.51 cm (0.20 Inch ) 2219-T87 Aluminum Parent Meta! (WT Direction) 


FRACTURE 


0.516 

8.89 



456.4 

456.5 

(0.203) 

(3.50) 



(66.2) 

(66.2) 

0.510 

8.89 



453.7 

4J3.Q 

(0.201 ) 

(3.50) 



(65.8) 

(5S.9) 

0.510 

8.S9 

78 

ln 2 

435.S 

398.5 

(0.201) 

(3.50) 

(-320) 

(63.2 

(57.8) 

0.513 

8.89 



409.6 

372.3 

(0.202) 

(3.50) 



(59.4) 

(54.0) 

asio 

8.89 



397.2 

348.2 

(0.201) 

(3.50) 



(57.6) 

(50.5) 

0.505 

12.70 



437.8 

399.9 

(0.199) 

(5.00) 



(63.5) 

(58.0) 

0.508 

12.70 



413.7 

348.2 

(0.200) 

(5.00) 



<60.0 

(50.0) 

a 508 

12.70 

78 

LISJ2 

368.2 

302.7 

(0.200) 

(5.00) 

(-320) 

(53.4) 

(43.9) 

0.505 

22.86 


335.8 

1 208.9 

(0.199) 

(9.00) 



(48.7) 

(30.3) 

0.505 

22.86 



386.8 

113.1 

(0.199) 

(9.00) 



(41.6) 

(16.4) 


0.226 

(0.089) 

0.249 

(0.098) 

0.297 

(0.117) 

0.356 

(0,140) 

0.417 

(0,164) 


0.208 

(0.082) 

0.249 

(0.098) 

0.305 

( 0 . 120 ) 

0.366 

(0.144) 

0.483 

(0.190) 


0.521 

(0.205) 

0.648 

(0.256) 

0.787 


1.092 

(0.430) 


0.831 

(0.327) 

1.054 

(0.415) 

1.21S 

(0.480) 

1.422 

(0.560) 

1.702 

(0.670) 


1.956 


3.073 

( 1 . 210 ) 

3.594 

(1.415) 

4.420 

(1.740) 


















































Table 9: Static Fracture Data for 1.27 cm (0.50 Inch ) 2219-T87 Aluminum Parent Meta! (WT Direction) 







322.7 

298.6 


<46.8) 

(43.3) 


284.8 

252.4 

ln 2 

(41.3) 

(36.6) 

269.6 

228 9 


(39.1) 

(33.2) 


257.2 

148 2 


(37.3) 

(21.5) 



| 
































Table 9: (Continued) 



(A) LOADED TWICE 

[£> NO STRAIN GAGE TO DETECT DIMPLING 





Table 10: Static Fracture Data for 1.91 cm (0.75 Inch) 2219-T87 Aluminum Parent Meta! (WT Direction) 


1= 

SPECIMEr 

T 

i 

T£ 

:ST 

FRACTURE DATA S 

Number 

Gage Thickness, t 
cm (Inch) 

Gage Width, w 
cm (Inch) 

Temperature 
°K <°F> 

Environment 

0 

C) 

8 *5 

QJ ^ 

55 ^ 

ijj C'J 

1 e 

=3 1 

Li. 5 


Breakthrough Stress, c 7q 
MN/m 2 (Ksi) 

Initial Raw Depth, 8j 
cm (Inch) 

Initial Flaw Length, (2c)j 
cm (Inch) 

Initial Flaw Depth ^ 

, a/ 1 

Gage Thickness 

Initial Flaw Depth 

Initial Flaw Length ' 

Failure Stress 

> 

b 

3 

v» 

VI 

4> 

4-» 

CO 

-O 

CD 

> 

n 

<D (A 

is 

Si 

II 

AS72-1 

1.910 

(0.752) 

&89 

(3.50) 

1 


388.2 

(56.3) 

— 

— 

(X310 

(a 122) 

1.219 

(0.480) 

0.162 

0.254 

1.04 

37.5 

(34.1) 

AS72-2 
AS72-3 
AS 72-4 

1.910 

(0.752) 

1.908 

(0.751) 

1.902 

(0.749) 

12.70 

(6.00) 

22.83 

(8.98) 

30.48 

(12.00) 

78 

(-320) 

ln 2 

396.8 

(67.4) 

300.6 
(43.6) 

213.7 
(31.0) 

(A) 

182.7 

(26.6) 

— 

0.716 

(0.282) 

1.092 

(0.430) 

1.576 

(0.620) 

2.807 

(1.106) 

4.674 

(1.840) 

6.655 

(2.620) 

0.375 

0.573 

0.828 

0.255 

0.234 

0.237 

0.87 

0.73 

0.47 

S6.8 

(61.7) 

53.3 

(48.6) 
44.5 

(40.6) 


(A) NO STRAIN GAGE FOR DIMPLE DETECTION 
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Table 1 1: Static Fracture Data for 7075- 



Aluminum Parent Meta! (WT Direction) 



D> 









































Table 11: (Continued) 


SPECIMEN 


Vi 

8 

$ 


c 



"n JI 

-C — 


^ o 

jT" r* 

S o 

& 

-Q 


3 ^ 

£ 

CD 

O! C 
« = 

07 

cn c 
<0 t 

2 




TEST 

<u 



c 

o> 

TO — 

E 


c 

& «. 

o 

£ 

0> ^ 

> 

c 

H o 

ID 


326.1 


<47.3) 

284.1 


(41.2) 

268.2 

(38.9) 

228.2 

(33.1) 

— 

188.2 


(27.3) 

161.3 


(23.4) 
154.4 

(22.4) 

— 

137.9 

<20.0) 

124.8 

(18.1) 

— 


Breakthrough Stress, tfg 
MN/m^ (Ksi) 













Table 12: Static Fracture Data for 0.08 cm (0.03 Inch ) and 0. 15 cm (0.06 Inch) 6AI-4V STA Titanium Parent Meta! (RT Direction ) 


FRACTURE DATA 


TS34-1 

TS34-2 

0.0838 

(0.0330) 

0.0833 

(0.0328) 

1.91 

(0.75) 

1.91 

(0.75) 

R.T. 

AIR 

1113.5 

(161.51 

1028.7 

(149.2) 

1037.7 

(150.5) 

876.4 

(127.1) 

TS32-1 

TS32-2 

0.0843 

(0.0332) 

0.0838 

(0.0330) 

1.91 

(0.75) 

1.91 

(0.75) 

R.T. 

AIR 

1090.7 

(158.2) 

1020.5 

(148.0) 

964.6 

(139.9) 

952.9 

(138.2) 


TS61-2 


0.0831 

(0.03271 

0.0864 

(0.0340) 


0.1537 

(0.0605) 

0.1552 

(0.0611) 

0.1544 

(0.0608) 


0.1542 

(0.0607) 

0.1544 

(0.0608) 

0.1633 

(0.0643) 


0.1544 

(0.0612) 

0.1577 

(0.0621) 

0.1562 

(0.0615) 


1059.8 

(163.7) 

912.9 

(132.4) 


1171.5 
(169.9) 
1069.4 
(155.1) 

962.5 
(139.6) 


1143.9 

(165.9) 

946.7 

(137.3) 
809.5 

(117.4) 


857.7 

(124.4) 

603.3 

(87.5) 


1061.8 

(154.0) 

990.8 

(143.7) 

795.7 

(115.4) 


724.0 

(105.0) 


1053.6 

(152.8) 

741.2 

(107.5) 

450.9 

(65.4) 


1 023.9 
(148.5) 


1010.1 

(146.5) 


890.8 

(129.2) 


962.5 

(139.6) 


0.041 

(0.016) 

0.061 

(0.024) 


0.041 

(0.016) 

0.056 

( 0.0221 


0.046 

(0.018) 

0.058 

(0.023) 


0.041 

(0.016) 

0.079 

(0.031) 

0.117 

(0.046) 


0.049 

(0.019) 

0.071 

(0.028) 

0.114 

(0.045) 


0.041 

(0.016) 

0.081 

(0.032) 

0.109 

(0.043) 


(0.058) 


0.104 

(0.041) 

0.244 

(0.096) 


0.259 

( 0 . 102 ) 

0.632 

(0.249) 


0.104 

(0.041) 

0.203 

(0.080) 

0.333 

(0.131) 


(0.307) 

1.156 

(0.455) 












































































Table 13: Static Fracture Data for 0.31 cm (0.12 Inch) 6AI-4 V ST A Titanium Parent Meta! (RT Direction) 


cn 


FRACTURE DATA 


<u 

n 

E 

D 

z 


TS14-1 

TS14-2 

TS14-3 

TS14-4 

TS14-5 


Vi 

c 

-c. c 


CD 

O) C 

■3 5 


0.307 

( 0 . 121 ) 

0.307 

(0.121) 

0.300 

(0.118) 

0.320 

(0.126) 

0.310 

( 0 . 122 ) 


5 i 


ft 

tQ 

ej 


0 

3 

♦o' 

2 

a> 

a 

E 

QJ 


o 


1.91 

(0.75) 

1.91 

(0.75) 

3.81 

(1.50) 

3.81 

(1.50) 

3.81 

(1.50) 


R.T. 


c 

a? 

E 

c 

o 

J- 

*> 

c 

LU 


b 

(A ^ 

£ * 
*-< — 
cn 

CN 

I ^ 


AIR 


1034.3 

(150.0) 

973.6 

(141.2) 

957.7 
(138.9) 
932.2 

(135.2) 
837.1 
(121.4) 


a 

b 


a> - — 
v> 

oo * 
cn 

.E CN 
a E 
§ z 
Q 2 


946.0 

(137.2) 

973.6 

(141.2) 

882.6 
(128,0) 

731.6 
(106.1) 

631.6 
(91.6) 


oo 

o 


cn 

-c 

cn ^ 
□ ^ 
0 — 
L- 

£ CN 

5 E 


a 

0J 

a 




u 

c 


c o 


0.130 

(0.051) 

0.155 

(0.061) 

0.170 

(0.067) 

0.216 

(0.085) 

0.244 

'0.096) 


u 

CN 


cn 

c 

<L» 

$ 
c 0 


E 

o 


0.297 

(0.117) 

0.414 

(0.163) 

0.475 

(0.187) 

0.601 

(0.237) 

0.681 

(0.268) 


a 

05 

O 

? 

jx> 

li- 


ft 

cu 

O 


0.421 

0.504 

0.568 

0.675 

0.787 


u 

CN 


Cl 

a> 

Q 

$ 


0.429 

0.374 

0.358 

0.359 

0.358 


O 

b 


0.98 

0.93 

0.91 

0.88 

0.80 


43 on 

a * 
a — 

•cl 

Ji 


52.3 
(47.6) 
56.9 
(51.8) 

59.7 

(54.3) 

65.3 

(59.4) 

61.7 
(56.1) 


7812-1 
TS12-2 
TS1 2-3 
TS12-4 
TS12-5 


0.310 

( 0 . 122 ) 

0.315 

(0.1241 

0.305 

( 0 . 120 ) 

0.300 

(0.118) 

0.300 

(0.118) 


3.81 

(1.50) 

3.81 

(1.50) 

3.81 

(1.50) 

5.08 

( 2 . 00 ) 

5.08 

( 2 . 00 ) 


R.T. 


AIR 


1045.3 

(151.6) 

1007.4 
(146.1) 
934.3 

(135.5) 
839.1 

(121.7) 
755.7 

(109.6) 


1011.5 

(146.7) 

968.1 

(140.4) 

875.0 

(126.9) 

81 5.7 
(118.3) 

637.8 
(92.5) 


833.6 

(120.9) 

715.0 

(103.7) 


0.114 

(0.045) 

0.150 

(0.059) 

0.165 

10.065) 

0.208 

(0.0821 

0.241 

(0.095) 


0.457 

(0.180) 

0.610 

(0.2401 

0.686 

(0.270) 

0.889 

(0.350) 

1.041 

(0.410) 


0.369 

0.476 

0.542 

0.695 

0.805 


0.250 

0.246 

0.241 

0.234 

0.232 


1.00 

0.96 

0.89 

0.80 

0.72 


61.4 
(55.9) 

67.8 

(61.7) 
65.7 

(69.8) 

66.9 
(60.0) 

63.4 
(57.7) 


TS11-1 
TS11-2 
TS1 1-3 
TS11-4 
TS11-5 


0.318 

(0.125) 

0.305 

( 0 . 120 ) 

0.320 

(a 126 ) 

0.318 

(0.125) 

0.318 

(0.125) 


5.08 

( 2 . 00 ) 

7.62 

(3.00) 
10.16 

(4.00) 
10.16 

(4.00) 
12.70 

(5.00) 


R.T. 


AIR 


1012.2 

(146.8) 

830.8 
(120.5) 

729.6 

(105.8) 

639.9 
(92.8) 

673.6 
(97.7) 


895.0 

(129.8) 


610.9 

( 88 . 6 ) 

464.7 

(67.4) 

426.1 

(61.8) 


0.117 

(0.046) 

0.165 

(0.065) 

0.203 

(0.080) 

0.221 

(0.087) 

0.257 

( 0 . 101 ) 


1.156 

(0.455) 

1.651 

(0.650) 

1.829 

(0.720) 

2.261 

(0.890) 

2.565 

( 1 . 010 ) 


0.368 

0.542 

0.635 

0.696 

0.808 


0.101 

0.100 

0.111 

0.098 

0.100 


0.96 

0.79 

0.69 

0.61 

0.64 


71.0 

(64.6) 

66.9 

(60.9) 

63.5 

(57.8) 

58.2 
(53.0) 

66.2 

(60.2) 


























Table 14: Static Fracture Data for 0.53 cm (0.21 Inch) 6AI-4VSTA Titanium Parent Meta I (RT Direction) 


SPECIMEh 

J 





lA 

$ 

c 

O x: 

5 

£ ? 


-- u 

■Q <J 

Numbei 

H 3 
u 

5 3 

a> 

CT c 

v n 
< J 0 



0.533 
( 0 . 210 ) 
0.533 
( 0.21 0 ) 
0.533 
( 0 . 210 ) 
0.533 
( 0 . 210 ) 

0.536 
( 0 . 211 ) 
0.541 
(0.213) 
0.546 
(0.215) 
0.536 
( 0 . 211 ) 
a 536 
( 0 . 211 ) 
0.536 
( 0 . 211 ) 
a 544 
(0.214) 
0.544 
(0.214) 




813.6 
(118.0) 

744.6 
(108.0 
647.4 

(93.9) 

730.9 
(106.0) 

1040.5 

(150.9) 

952.9 
(138.2) 
88 a 5 
(127.7) 

644.0 
(93.4) 

586.8 
(85.1) 

668.1 

(96.9) 

506.9 

(73.8) 

529.6 

(76.8) 


753.6 

(109.3) 

676.4 
(98.1) 
566.8 
(82.2) 
484.0 
(70.2) 

1027.4 
(149.0) 

926.7 

(134.4) 
840,6 
(121.9) 



0.246 

(0,097) 

0.300 

(0.118) 

0.318 

(0.126) 

0.396 

(0.156) 

0.417 

(0.164) 

0.447 

(0.176) 

0.160 

(0.063) 

0.203 

(0,080) 

0.249 

(0.098) 

0.325 

(0.128) 

a366 

(0.144) 

0,406 

(0.160) 

0.427 

(0.168) 

0.442 

(0.174) 


0.417 

(0.164) 

0.549 

(a 216 ) 

0.687 

(0.231) 

0.787 

(a 3 io) 

0.947 

(0.373) 

1.085 

(0.427) 

1.151 

(0.453) 

1.227 

(0.483) 

0.622 

(0.245) 

0.851 

(0.335) 

1.029 

(0.405) 

1.295 

(0i510) 

1.473 

(0.680) 

1.740 

(0.685) 

1.842 

(0.725) 

1.880 

(0.740) 


[£> POSSIBLE BREAKTHROUGH AT 529.6 MN/m 2 (76.8 KSI) 













Table 14: (Continued) 



SPECIMEr 

J 

TE 

1ST 

FRACTURE DATA | 

Number 

Gage Thickness, t 
cm (Inch) 

Gage Width, w 
cm (Inch) 

Temperature 
°K <°F) 

Environment 

Failure Stress, oq 
MIM/m 2 (Ksi) 

<? 

*A 

(A 

GJ — 

cn V 

02 

.S CN 

a & 
.§ z 
Q S 

Breakthrough Stress, (7g 
MN/m^ (Ksi) 

Initial Raw Depth, aj 
cm (Inch) 

Initial Flaw Length, (2c)j 
cm (Inch) 

Initial Flaw Depth u 

, at l 

Gage Thickness 

Initial Flaw Depth 

Initial Flaw Length ' ' a/<tlWi 

Failure Stress 

<s> 

> 

D 

1 

* 

lA 

iA 

0 ) 

k- 

(75 

2 
0 ) 

> 

;5 

0) \A 

15 * 
a 

9-cm 

< 

■cT 

li 

TS21-1 

0.538 

6.58 

957.0 



922.6 


0.170 

1.688 



__ 

. 

. 


TQ 5 


( 0 . 212 ) 

(2.59) 

(138.8) 



(133.8) 


(0.067) 

(0.625) 

0.316 

0.107 

0.91 

(72.3) 

TS21-2 

0.546 

10.16 

799.8 



799.8 


0.231 

2.286 

. 


. 


. 


75.8 


(0.215) 

(4.00) 

(116.0) 



(116.0) 


(0.091) 

(0.900) 

0.423 

0.101 

0.76 

(69!o| 

TS21-3 

0.536 

12.70 

683.3 



683.3 


0.272 

2.616 


.. 



. 


68.9 


( 0 . 211 ) 

(5.00) 

(99.1) 



(99.1) 


(0.107) 

(1.030) 

0.507 

0.104 

0.65 

(62.7) 

TS21^i 

0.536 

12.70 

614.3 





0.284 

3.175 






__ 

63 7 


( 0 . 211 ) 

(5.00) 

(89.1) 

R.T. 

AIR 



( 0 . 112 ) 

(1.250) 

0.531 

0.090 

0.58 

DO. / 

(58.0) 

TS21-5 

0.536 

20.35 

466.1 





0.368 

3.786 




.. 

. 


63 7 


( 0 . 21 1 ) 

( 8 . 01 ) 

(67.6) 





Biot 

(1.490) 

O.BSO 

0.097 

0.44 

(48.9) 

TS 2 T 6 

0.566 

20.29 

457.1 




430.2 

my 

4.293 


... 





56.4 


(0.2231 

(7.99) 

(66.3) 




(62.4) 

■Pi TTw 

(1.690) 

0.744 

0.098 

0,44 

(51 [ 3 } 

TS21-7 

a 549 

20.40 

362.7 




339.2 

0.432 

4.572 







46.1 


(0.216) 

(8.03) 

(52.6) 




(49.2) 

(0.170) 

(1.800) 

0.787 

0.094 

0.35 

(41 !o) 

TS21-8 

0.554 

20.29 

343.4 




297.2 

0.483 

4.978 




. 


.. 

44.9 


(0.218) 

(7.99) 

(49.8) 




(43.1) 

(0.190) 

(1.960) 

0.872 

0.097 

0.33 

(4o!9) 











Gage Thickness, t 
cm (Inch) 


Table 15: Static Fracture Data for 0. 76 cm (0.30 Inch) 6AT4V ST A Titanium Parent Meta! (RT Direction ) 



Irwin's Apparent K 
MN/m 3 / 2 (Ksiy'Tn) 

















Table 16: 2219-T87 Aluminum Cyclic Flaw Growth Data at 78° K (-320° F); t = 1.27 cm (0.50 Inch), 
o 0 = 0.67 <jy S and (a/2c)j =0.37 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

GROSS STRESS, G 
MN/m 2 (KSI) 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

a/2c 

*-> 

to 

TEST 

ENVIRONMENT 

| 

GO 

^ CM 

z ”e 

i? z 

E 2 

§ 

CO 

* * 
s 

I Cl 

II 

v: 2 

REMARKS 

OA54-1 

1.280 

(0.5041 



302.0 

(43.8) 


0.894 

(Q.352I 


0.26 

LN 2 

M'-f 

■(4X11 

25.8 

(23.5) 

TEST TERMINATED IMMED. 
PRIOR TO FAILURE AT 
4960 CYCLES; SPECIMEN 
THEN FAILED AT RT. 

ESI 

1.016 

(0.400) 

IddlOl 


0.79 


ran 

KadEB 




■ncuToi 

0.30 

0.79 

AIR 

Hfpjyjl 

ran 

HBXIB 

OA54-2 

1.270 

(0.500) 

12.70 

15.00) 


302.0 

(43.8) 

0.356 

(0.140) 

■TuPttI 

0.39 

0.28 

ln 2 

25.5 

(23.2) 

26TT3 

(23.7) 

FLAW SIZE AFTER 766 CYCLES 

[t> SPECIMEN OVERLOAD ON 767TH 
CYCLE; FLAW SIZE AT 768TH 
CYCLE. SPECIMEN CYCLED FOR 
2236 CYCLES AND THEN OVER- 
LOADED TO FAILURE ON 2237TH 
CYCLE 


0.406 

(0.160) 

■cmPtTTI 

0.41 

0.32 

26.9 

(24.5) 

■Ml 

■EBB 

IssSi 

0.422 

(0.166) 

WBESM 

■OX El-11 

0.37 

0.33 

28.5 

(25.9) 

29.2 

(26.6) 


0.551 

(0.217) 

1.524 

(0.600) 

0.36 

0.43 

■KM 

~5ZT2 ' 

(31.1) 



■ESSE a 


0.36 

0.43 

■BUI 

— 

OA54-5 

1.270 

(0.500) 

12.70 

(5.00) 

D> 

302.0 

(43.8) 

■Mir*]l 

H§§1 

0.34 

0.25 

ln 2 

25.4 

(23.1) 

25.9 

(23.6) 

TEST TERMINATED IMMEDIATELY 
PRIOR TO FAILURE AT 4640 CYCLES; 
SPECIMEN THEN FAILED AT R.T. 


WEEm 

lifiSI 


0.90 

48.6 

(44.2) 

— 



i.T43 

(0.350) 

m+\+m 

RMMI 

■OTi 

0.90 

AIR 

4T3 

(37.7) 

— 

QA54-6 

1.270 

10.500) 

12.70 

(5.00) 

cr> 

302.0 

(43.8) 

0.315 

(0.124) 

0.894 

(0.352) 

0.35 


LN 2 

25.2 

(22.9) 

25.6 

(23.3) 

[?> FLAW SIZE AFTER 3758 CYCLES 

FLAW SIZE AFTER MARKING. 
SPECIMEN TEST TERMINATED 
IMMED. PRIOR TO FAILURE AT 
4803 CYCLES; SPECIMEN THEN 
FAILED AT R.T. 


■PlRsI 

■hbqI 

0.39 


■EEEH 

WIlMB 

ISBI 

l^s 

■pJFZhI 



0.48 

mumm 

ran 

■EM 

1.118 

(0.440) 

iajii 

mmm 

0.88 





IKffil 



0.88 

AIR 


- 


NITIAL CYCLIC CONDITIONS 
TERMINATION OF CYCLIC TEST 
FAILURE 















































































Table 17: 2219-T87 Aluminum Cyclic Flaw Growth Data at 78° K (-320PF); t = 1.27 cm (0.50 Inch) 
o 0 = 0.67 o ys and (a/2c)j s 0.30 



g INITIAL CYCLIC CONDITIONS 

TERMINATION OF CYCLIC TEST 
FAILURE 






















































Table 18: 221 9-T87 Aluminum Cyclic Haw Growth Data at 78° K f-320°F);t= 1.27 cm (0.50 Inch), 
o 0 = 0.9 1 Oy S and (a/2c)j a£ 0.4 1 



1.28 11.46 

(0.5041 (4.51) 


.... , 1.28 11.43 

CA54-3 (0.504) (4.50) 


CA54-4 (oJoi) (4.50) ,59t 

[£> "SST 

I 1 I 1 I&7-S 

INITIAL CYCLIC CONDITIONS 
DIMPLING OCCURRED 

3> RE START OF CYCLIC TEST AFTER 
DIMPLING AND MARKING 


0.754 

(0.297) 

■my i 

Ifwlll 

0.333 

(0.131) 





(0*370) 

0.762 

(0.300) 

2.023 

(0.800) 

0.762 

(0.300) 

2.023 

JO800) 

0.411 

(0.162) 

1059 

(0.417) 

0.521 

(0.205) 

1.346 

(0.530) 

0.528 

(0.208) 

1.359 

(0.535) 

0.673 

(0.265) 

1.905 

(0.750) 

0.673 

(0.265) 

1.905 
JO. 2501 

0.422 

(0.166) 

1.067 

10.420) 

0.518 

(0-204) 

1.422 

(0.5601 

0.528 

(0.208) 

1.448 

10.570) 

6.711 

(0.280) 

2.007 

(0.790) 


X 

l I 

* s 






33.4 

33.7 



■Ri mm 




37.7 

38.2 

1 M 

mtzwm 

(34.8) 



LN 2 

37.9 

(34.5) 

38.5 

(35.0) 


0.60 


52^ 



(47.7) 

(50.6) 


0.26 


33.4 

(30.4) 



0.33 


36.3 

(33.0) 

36.6 

(33.3) 

i 

0.34 




LNj 

(33.5) 

0.38 

0.60 


(£T3 
L (48.5) 

57.0 

(51.9) 

0.38 

0.60 


h 53.3 
-(48.5) 

(51.9) 

0.39 

0.32 


38.6 

(35.1) 

39.5 

(35.9) 

0.39 

0.41 


43^ 

(39.6) 

— 

(40.5) 

0.39 

0.41 

ln 2 

43.7 

(39.8) 

44.7 

(40.7) 

0.35 

0.53 


51.4 

(46.8) 

54.6 

(49.7) 

0.35 

0.53 


51.5 

(46.9) 

54.8 

(49.9) 

0.40 

0.33 


38.8 

(35,3) 

39.6 

(36.0) 

0.36 

0.41 


44.5 

(40*5) 

45.9 

(41.8) 

0:37 

0,42 

ln 2 

44.9 

(40.9) 

46.4 

(42.21 

0.35 

0.56 


52.8 
_ (48.0) 

56.6 

(51.5) 

0.35 

0.56 


50*9 

54.6 

i jn — r 1 


SPECIMEN DIMPLED AFTER 
421 CYCLES AND FAILED ON 
735TH CYCLE IN LN ? 


SPECIMEN DIMPLED AFTER 380 
CYCLES AND TEST TERMINATED 
IMMED. PRIOR TO FAILURE AT 
834 CYCLES; SPECIMEN THEN 
FAILED IN LN 2 


SPECIMEN DIMPLED AFTER 220 
CYCLES AND TEST TERMINATED 
IMMED. PRIOR TO FAILURE AT 
251 CYCLES; SPECIMEN THEN 
FAILED IN LN 2 


SPECIMEN DIMPLED AFTER 150 
CYCLES AND TEST TERMINATED 
IMMED. PRIOR TO FAILURE AT 189 
CYCLES; SPECIMEN THEN FAILED 
IN LN 2 


TERMINATION OF CYCLIC TEST 
FAILURE 





























Table 19: 2219-T87 Aluminum Cyclic Flaw Growth Data at 78° K (-320° F) 
t = 1.27cm (0.50 inch), o 0 = 0.91 o ys and (a/2c)j=*0. 11 


-P^» 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

o 

CO 

CO — 
£ 

H * 
CO 

co rsi 

S 

CC 2 
U 2 


FLAW WIDTH. 2c 
cm (INCH) 

u 

CN 

TO 


TEST 

ENVIRONMENT 

i 

C/3 

CN 

-p, <Y> 

? E 

s Z 

SE s 

§ 

c/> 

* £ 
5 

I Cl 

II 
* 5 

REMARKS 

CA51-1 







mm 

0.20 







wm 


'ESI 




■3ZS 

IFlrOS 

SPECIMEN DIMPLED AFTER 

^*3 rvn PQ AMD TCQT 



IwtiAil 

m 


LN 2 

47.5 

(43.2) 

50.4 

(45.9) 

30 O T vLlo MlNU 1 CO 1 

TERMINATED IMMED. PRIOR 

TH FAN 1 IRF AT 79 FYFI R*5- 



WrJkVZm 

■ 




HsfiS 

IPS 

SPECIMEN THEN FAILED IN 

ln 2 



■iiMua 

Wlif 

a 

IBM 

0,50 


TjSH — 
(52.8) 

CA5T2 

L28 

(0.502) 


19 

1 

0.201 

(0.079) 

2,032 

10.800) 

0.10 

0.16 

ln 2 

■CTH1 

38.5 

135.0) 

SPECIMEN DIMPLED AFTER 
97 CYCLES AND TEST 
TERMINATED IMMED. PRIOR 
TO FAILURE AT 155 CYCLES; 
SPECIMEN THEN FAILED IN LN 2 . 

la 




0.24 

BE3B1 

45.7 

141.6) 

20.32 

(8.00) 

IH9 


IwjAMB 

0.15 

0.24 




|£S3i 




0.52 

55.0 

(50.0) 



13 

ElUKBi 

IM 

1 

2.286 

(0.900) 

0.29 

0.52 

— 53.3 

(48.5) 

&S3 — 
(53.2) 

CA51-3 

1.25 

(0.4921 

■I 

isj 


U.259 

(0.102) 

_ 2.667 
(1.050) 

0.10 

0.21 


42.8“ 

(38.9) 

"'44.2 

(40.2) 

SPECIMEN DIMPLED AFTER 
11 CYCLES AND TEST 
TERMINATED IMMED. PRIOR 
TO FAILURE AT 22 CYCLES; 
SPECIMEN THEN FAILED IN LN 2 - 


IS 


Baeill 

w*x*m 


0.25 

45.9 

(41.8) 

'48.4 

(44.01 

20.32 
(8.00) - 

113 


BSS2S9 

imi 

wwim 

IflUWOB 


0.26 

ln 2 






0.533 
-10.21 Q) 


IS 

0.43 



191 

■1 

isai 

m 

IHI 


0.20 

0.43 



■GW™ 

CAS 1-4 

1.28 

(0.502) 


IS 

HU 

ITniTojV 

WrMxtrml 

RIRsSIll 


mm 


42.4 

(38.6) 

EEBS 

SPECIMEN DIMPLED AFTER 
14 CYCLES AND TEST 
TERMINATED IMMED. PRIOR 
TO FAILURE AT 16 CYCLES; 
SPECIMEN THEN FAILED AT LN 2 . 


E3i 


DfiEni 

m 

sii 



51.0 

(46.41 


20.32 
(8.00) . 

IS 


iraRoI 

m*. 



ln 2 


i^ssi 


si 

■ 

BIRHII 

Ml 

EES 






n> 

|LI|M*jH 

BESII 


0.20 

0.42 


54.8 

(49.9 

60.0 

(54.6) 


INITIAL CYCLIC CONDITIONS 
2> DIMPLING OCCURRED 

3> RESTART OF CYCLIC TEST 
’ AFTER DIMPLING AND MARKING 


TERMINATION OF CYCLIC TEST 
FAILURE 










































































Table 20: 2219-T87 Aluminum Cyclic Flaw Growth Data at 78° K (-320° F); t = 0.51 cm (0.20 Inch), 
o 0 = 0.91 Oy S and (a/2c)j ss 0.40 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

GROSS STRESS, G 
MN/m 2 (KSI) 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

a/2c 

4r-> 

ro 

TEST 

ENVIRONMENT 

IRWIN K| 

MN/m 3/2 (KSlViN) 

1 

CO 

* * 

x 5! 

ii 

* 5 

REMARKS 







IBB?™ 


0.45 



28.9 

(».3L_ 







0.244 

(0.096) 

ifjtt*™ 




29.3 

—126.7) 

IBB™ 

SPECIMEN DIMPLED AFTER 186 
CYCLES AND TEST TERMINATED 
AT FLAW BREAKTHROUGH AT 
906 CYCLES; SPECIMEN THEN 

CA24-1 

0.516 

(0.203) 

8.89 

(3.50) 

it^a 



mrsSM 
IE Warn 

k m 


LN 2 

■BBI 

30.9 

(28.1) 


K> 


ebUi 

nin 

lEtsal 

a45 

wm 


40.2 

(36.6) 

— 

FAILED IN LN 2 





409.6 

(59.4) 

rh 

ma 

1331 

1.00 


40.0 

(36.4) 








0.534 '1 

(0.088) 

0.664 

(0.222) 

0.40 

0.44 



”283 

(26.3) 





d> 


0.2S5F- 

(0.100) 

0.625 

(0.246) 

a4i 

0.50 


29.7 

(27.0) 

30.6 

(27.8) 

SPECIMEN DIMPLED AFTER 250 
CYCLES AND FLAW BROKE 
THROUGH ON 1006TH CYCLE; 
^PFPIMFN FAILED ON 1007TH 

CA24-2 

0.613 

(0.202) 

8.89 

(3.50) 


412.3 

(59.81 

0.259 

(0.102) 

0.641 

(0.252) 

0.41 

0.51 

ln 2 

3025 

(27-3) 

31 A) 
(28.2) 




a - t 

1.499 

(asoo) 

a34 

100 


45.2 

(41.1) 

— 

drcviivicn r nifcptu uii iwr ■ » ■ 

CYCLE 






a ® t 

rcras - 

10.590) 

0.34 

1.00 


45.2 

(41.1) 

— 







0.274 

(0.108) 

0.716 

(0.282) 

0.38 

0.55 


' 31.8 

(»-9> 

33.3 

(30.3) 


CA24-3 

0.500 

8.89 


412.3 

0.590“ 

(0.114) 

0.754“ 

(0.297) 

0.38 

0.58 

LN 2 

32.5 

(29.6) 

M3 

(31.3) 

SPECIMEN DIMPLED AFTER 
50 CYCLES AND FAILED ON 
290TH CYCLE 

(0.197) 

(3.50) 

g> 

(59.8) 

0.305 

(a 120 ) 

0.785 

(0.309) 

0.39 

0.61 

33.2 

0Q>21. . 

35.3 

(32.1) 






0l483 

(0.190) 

1.448 

(0.570) 

0.35 

0.96 


44.5 

(40.5) 

— 







0.279 

(0.110) 

0.709 

(0.279) 

0.39 

0.54 


31.5 
. (28.7) 

32.9 

(»•») 






412.3 

0.307 

(0.121) 

0.770 

(0.303) 

0.40 

0.59 


33.0 

130.0) 

34.5 
(31 .4) 

SPECIMEN DIMPLED AFTER 85 
■ CYCLES AND TEST TERMINATED AT 

C A 24-4 

0.618 

(0.204) 

8.89 

(3.50) 

B> 

(59.8) 

0.315 

(0.124) 

0.792 

(0.312) 

0.40 

0.61 

ln 2 

33.4 
13Q,4) . 

35.3 

(32.1) 

FLAW BREAKTHROUGH AT 447 
- CYCLES; SPECIMEN THEN FAILED 




a = t 

T'448” 

(0.570) 

0.36 

1.00 


44.8 

(40.-8) 

— 

IN LN 2 





409.8 

<59.0) 

a = t 

■ 1.448 
(0.570) 

0.36 

1.00 


44.2 

._S402L 

— 



6 INITIAL CYCLIC CONDITIONS 

dimpling occurred 

RE-START OF CYCLIC TEST AFTER 
DIMPLING AND MARKING 



TERMINATION OF CYCLIC TEST 
FAILURE 
























Table 21: 2219-T87 Aluminum Cyclic Flaw Growth Data at 78° K (-320° F); t-0.51 cm (0.20 Inch), 
o 0 = 0.91 Oy S and (a/2c)j = 0.09 


-vi 

cr> 


SPECIMEN 

NUMBER 

thickness, t 

cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

O 

to 

“ * 
CO 

CO CN 
CO c 

O < 
QC ^ 

u ^ 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

a/ 2c 

(0 

TEST 

ENVIRONMENT 

1 

C/D 

y 

^ CM 
CO 

? e 

9E ^ 

K, WITH M k 
MN/ m 3/2 (KSI VTN) 

REMARKS 

CA21-2 

0.521 

(0.205) 

12.70 

(5.00) 


412.3 

(59.8) 

0.203 

(0.0801 



0.39 

LN 2 

37.7 

(34.31 


SPECIMEN FAILED AT 
25 CYCLES 

_ 


0.343 

_i£),l35L 

2.007 

(0.790) 

■w 

0.66 

45.5 

(41.4) 

m&JHm 

■CxkiB 

CA21-5 

0.511 

(0.201) 

10.16 

(4.00) 

0> 

412.3 

(59.8) 

0.107 

(0.042) 



0.21 

ln 2 


■u.-jfeM 

SPECIMEN DIMPLED AFTER 131 
CYCLES AND TEST TERMINATED 
IMMED. PRIOR TO FAILURE AT 
609CYCLES, SPECIMEN THEN 
FAILED IN LN 2 


0.127 

(0.050) 

Mmwm 


0.25 

30.1 

(27.4) 



0.130 

(0.051) 

wmm 

0.09 

0.25 

30.3 

(27.6) 

32.1 

(29.2) 



0.394 

(0.155) 

1.626 

(0.640) 

0.24 

0.77 

44.8 

(40.8) 

59.2 

(53.9) 




0.394 

(0,155) 

1.626 

(0.640) 

0.24 

0.77 



CA21-6 

0.518 

10.204) 

. 



B> 

412.3 

0.109 

-U3.043) 

ifORiill 

0.08 

0.21 


3575 

(25.7) 

29.2 

(26.6) 

SPECIMEN DIMPLED AFTER 153 
CYCLES AND TEST TERMINATED 
IMMED. PRIOR TO FAILURE AT 
745 CYCLES; SPECIMEN THEN 
FAILED IN LN 2 


0.142 

10,056) 

1.410 

(0.555) 

■W 

0.28 

31.5 

(28.7) 

33.6 

(30.61 

10.16 

(4.00) 


(59.8) 

0.152 

(0.060 


■mi 

0.29 

LN 2 

32.4 

(29.5) 

34.8 

(31.7) 




0.330 

(0-130) 

1.524 

(0.600) 

0.22 

0.64 


42.3 

(38.5) 

52.3 

(47.6) 



414.4 

(60.1) 

0.330 

(0.130) . 

1.524 

(0.600) 

0.22 

0.64 


42.5 

(38.71 

52.6 

(47.9) 





INITIAL CYCLIC CONDITIONS 
DIMPLING OCCURRED 

RE-START OF CYCLIC TEST 
AFTER DIMPLING AND MARKING 
TERMINATION OF CYCLIC TEST 
FAILURE 

















INITIAL CYCLIC CONDITIONS 
2> TERMINATION OF CYCLIC TEST 
£> FAILURE 































Table 23: 2219-T87 Aluminum Cyclic Flan Growth Data at 78° K (-320° F); t = 0.38 cm (0. 15 Inch), 
0 O = 0.67 o ys and (a/2c)j =0.11 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

GROSS STRESS, G 
MN/m 2 <KSI> 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

CN 

flj 

■M 

TEST 

ENVIRONMENT 

IRWIN K, 

MN/m 3/2 (KSlVlN) 

K, WITH M k 
MN/ m 3/2 (KSI VfN) 

REMARKS 

OAtl-t 

0.391 

(0.154) 

12.70 

(5.00) 

■tgl 

302.0 

(43.8) 

1M1 


0.08 


B 

Mi-HHI 

lazn 


FLAW 8REAKTHROUGH AT 
2768 CYCLES, THEN PULLED 
TO FAILURE IN RT AIR. 

1 

a = t 



m 

31.2 

(28.4) 


KS 

■cin 



a26 

1.00 


sis 

(30.5) 

— 

OA11-2 

0.363 

(0.143) 

12.70 

(5.00) 




1.372 

(0.540) 

0.12 

| 

LN 2 

KEEfll 


FLAW BREAKTHROUGH AT 
1072 CYCLES, THEN PULLED 
TO FAILURE IN RT AIR. 


a = t 

r"“'H 



30.9 

(28.1) 


Ea 

■tiSJi 

a = t 

n 


1.00 


m&wm 

— 

OA11-5 

0.391 

(0.154) 

12.70 

(5.00) 

ia 


WFXFim 

■PTSll 

|UJ 

W£M 

0.40 


22.4 

(20.4) 


FLAW BREAKTHROUGH AT 
2021 CYCLES, THEN PULLED 
TO FAILURE IN RT AIR. 


B = t 

IM-yMm 

E 

1.00 

iRm 



323.4 

(46.9) 

a = t 

KEHfl 

IcoTkoI 


■El 



— 

OA11-6 

0.381 

(0.150) 





BHi 



ln 2 

20.9 

(19.0) 


FLAW BREAKTHROUGH AT 
2150 CYCLES, THEN PULLED 
TO FAILURE IN RT AIR. 

12.70 

(5.00) 




IPI=yi*jM 


1 





HJII4JH 

KHEI 

a = t 

RSif-S 

0.28 

1 

AIR 

32.2 

(29.3) 




INITIAL CYCLIC CONDITIONS 
TERMINATION OF CYCLIC TEST 
FAILURE 















































to 


Table 24: 2219 - T87 Aluminum Cyclic Flaw Growth Data at 78° K (-320° F); t = 0.38 cm (0. 15 Inch), 
o 0 = 0.91 Oy S and (a/2c)j = 0.38 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

O 

L0 

CO ^ 

CO ^ 
H * 

CO 

U0 CM 

to c 

o -£ 
cc 2 
o !> 

ro 

x' 

H _ 
CL x 

sl 

? - 
< 

i § 

u 

<N 

X 

1- _ 
Q x 

5 ° 

$ 3 
< 

s! g 

u 

CN 

CTJ 

♦— > 

TEST 

ENVIRONMENT 

IRWIN K, 

MN/m 3/2 (KSI VTN) 

If 

lO 

X * 
x 

ii 

REMARKS 

CA14-1 

0.381 

(0.150) 




1MI 

0.472 

(0.186) 

0.38 


LN 2 

BLcBM 


SPECIMEN DIMPLED AFTER 
300 CYCLES AND TEST 
TERMINATED AT FLAW 
BREAKTHROUGH AT 936 
CYCLES; SPECIMEN THEN 
FAILED IN LN 2 


0.206 

(0.081) 

0.587 

(0.231) 

0.35 

1 




0.216 

(0.085) 

IgkSI 

0.35 




1>I3 

a “ t 

■0E331 

0.35 

1.00 

38.9 

(35.4) 



I^EH 

a " t 


0.35 

1.00 

' <ra.tr - 

(36.4) 

— 

CA14-2 

0.378 

(0.149) 

8.86 

(3.49) 


412.3 

(59.8) 

0.173 

(0.068) 


0.39 

0.46 

LN 2 

25.1 

(22.81 

25.8 

(23.5) 

SPECIMEN DIMPLED AFTER 
200 CYCLES AND TEST 
TERMINATED AFTER 1230 
CYCLES; SPECIMEN THEN 
FAILED IN LN 2 


0.203 

(0.080) 

0.483 

(0.190) 

0.42 

0.54 

26.2 

(23.81 

" 26.9 
(24.5) 


0.208 

-10-082) 

0.495 

(0.195) 

0.42 

0.55 

26.5 

(24.1) 

TtX 

(24.9) 


0.343 

(0.135) 

0.973 

(0.383) 

0.35 

0.91 

36.7 

(33.41 


(§> 

443.3 

-1M.3J 

0.343 

(0.135) 

0.973 

(0.383) 

0.35 

0.91 

39.8 

(36-2) 

— 

CA14-3 

0.384 

(0.151) 

8.89 

(3.50) 


412.3 

(59.8) 



0.249 

(0.098) 

0.648 

(0.255) 

0.38 

0.65 

ln 2 

30.1 

(27.4) 

3T5 

(29.6) 

SPECIMEN DIMPLED AFTER 
15 CYCLES AND TEST 
TERMINATED AT FLAW 
BREAKTHROUGH AT 270 
CYCLES; SPECIMEN THEN 
FAILED IN LN 2 


0.259 

(0.102) 

i : ).67i 
(0.264) 

0.39 

0.68 

30.7 

(27.9) 

33.4 

(30.4) 


0.267 

(0.105) 

0.686 

(0.2701 

0.39 

0.70 

31.1 

(28.3) 

33.8 

(30.8) 


a = t 

1.143 
10.4501 

0.34 

1.00 

39.6 

<36.01 



419.9 

(69-9) 

a = t 

1.143 

(0.450) 

0.34 

1.00 

40.3 

(36.7) 

— 

CA14-4 

0.394 

(0.155) 

8.89 

(3.50) 


412.3 

(59.8) 

0.254 

(0.100) 

0.663 

(0.261) 

0.38 

0.65 

ln 2 

30.6 

(27.8) 

33.0 

(30.0) 

SPECIMEN DIMPLED AFTER 
10 CYCLES; THEN MARKED 
THROUGH-THETHICKNESS 


0.264 

(0.104) 

0.686 

(0.270) 

0.39 

0.67 

31.0 

(28.2) 

33.7 

(30.7) 


g INITIAL CYCLIC CONDITIONS 
DIMPLING OCCURRED 
RE-START OF CYCLIC TEST 
AFTER DIMPLING AND MARKING 


I4> TERMINATION OF CYCLIC TEST 
|!?> FAILURE 























Table 25: 221 9-T87 Aluminum Cyclic Flaw Growth Data at 78° K (-320° F};t = 0.38 cm (0.15 Inch), 
o Q = 0.91 Oy $ and ( a/2c ) { = 0.09 



DIMPLING OCCURRED 

[3> RE-START OF CYCLIC TEST 

AFTER. DIMPLING AND MARKING 

J4> TERMINATION OF CYCLIC TEST 

(§> FAILURE 



Table 26: 6A L-4VSTA Titanium (RT Direction) Cyclic Flaw Growth Data 
o Q = 0. 77 Oy $ and (a/2c)j = 0.39 


at 295° K (72° F); t = 0.51 cm (0.21 Inch), 


> e ujok 

> u H O < 


i 0 538 7 62 

CT24-1 (0.212) (3.00) 


0.543 7.62 r^— 

0^4-2 {0i214 ) (3.00) 


(0.215) (3.00) 






(0.072) 


(0.181) 


1.143 




IKBEIK^Sil 

IPjgg m luMi *m 


0.251 0.704 


0.343 1.321 


0.343 1.321 


0.224 I 0.533 


(0,213) (3.00) 


INITIAL CYCLIC CONDITIONS 
DIMPLING OCCURRED 

RE-START OF CYCLIC TEST AFTER 
DIMPLING AND MARKING 


a/2c 

to 


0.29 


0.31 


8 

0.32 


9 

1.00 


1.00 


0.28 


0.34 

0.40 

0.34 

0.48 

1.00 

0.48 

1.00 

0.39 

0.39 

0.36 

0.46 




HH9 


0.42 

0.41 

0.42 

0.45 

0.42 

0.45 

0.43 

1.00 

0.43 

1.00 




TERMINATION OF CYCLIC TEST 
FAILURE 


SPECIMEN DIMPLED AFTER 
100 CYCLES AND TEST 
TERMINATED AT FLAW 
BREAKTHROUGH AT 809 
CYCLES; SPECIMEN THEN 
FAILED AT RT. 


SPECIMEN DIMPLED AFTER 
176 CYCLES BUT CYCLED 
FOR 180 CYCLES. SPECIMEN 
MARKED AND TEST RE-STARTED. 
TEST TERMINATED AT FLAW 
BREAKTHROUGH AT 1017 
CYCLES; SPECIMEN THEN 
FAILED AT RT. 


SPECIMEN DIMPLED AFTER 
93 CYCLES AND TEST TERMINATED 
AFTER 177 CYCLES; SPECIMEN 
THEN FAILED AT RT. 


SPECIMEN DIMPLED AFTER 
80 CYCLES AND TEST 
TERMINATED AT FLAW 
BREAKTHROUGH AT 
559 CYCLES; SPECIMEN 
THEN FAILED AT RT. 











































































^,27: SMjWSTA^ «** ««, GrM> 0^ ,<29 S °K 02° f,; , - 0.S, c m ,02, ,nc„, 






ID 





SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 



GROSS STRESS, 
MN/m 2 (KSI) 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

( J 
C\) 

ro 

CD 




E> 


0.094 

JOQ37) 

1.003 

(0.395) 

0.09 

0.17 


q 541 

10.16 

(4.00) 


820.5 

0.132 

10,052) 

1.003 

(0.395) 

0.13 

0.24 

CT2M 

( 0 I 213 ) 


(119.0) 

0.201 

JftOTf) 

1.003 

10.3951 

0.20 

0.37 






0.392 

(ami 

1.397 

(0.650) 

0.21 

0.54 




B> 

868.8 

(126.0) 

0.292 

(0.115) 

1.397 

(asso) 

a2i 

0.54 






0.094 

(0.037) 

Wb%T'm 

0.10 

0.18 


0 538 

10.16 


885.3 

am 

(a»45) 

0.978 

(0.385) 

ai2 

asi 

1-2 

(0.21 2) 

(4.00) 

l£> 

(128.4) 

0.183 

-10072) 

0.978 

10,385) 

ai9 

0.34 




fc£> 


0.381 

(0.150) 

1.372 

(0.540) 

a28 

0.71 





872.9 

(126.6) 

~ 5381 
(0.150) 

(a540) 

0.28 

0.71 





820.5 

0.142“ 

(0.056) 

10.5601 

0.10 

a 26 

CT21-3 

0.546 

(0.215) 

10.16 
(4.00) . 


(119.0) 

0.180 

(0.071) 

1.422 

(0.560) 

0.13 

0.33 





too. 5 
(119,0) 

0.493 

{0.194} 

"T.6S4 ’ 

(0.730) 

0.26 

0.90 






ai40 

(0.055) 

W" 

(0.560) 

0-10 

0.26 





820.5 

0.160 

(0-063) 

1.422 

(0.560) 

0.1 1 

0.29 

CT21-4 

0.549 

(0.2161 

10.16 

(4.00) 


(119.0) ‘ 

ai7& 

(0.069) 

1.422 

(0.560) 

0.12 

0.32 






a38i 

(0.150) 

1.803 

(0.710) 

0.21 

0.69 




n> ■ 

866.7 

(126.7) 

"6.381 ' 

(0.150) 

1.865 " 
(0.710) 

0.21 

0.69 


INITIAL CYCLIC CONDITIONS 
DIMPLING OCCURRED 
RE-START OF CYCLIC TEST AFTER 
DIMPLING AND MARKING 
TERMI NATION OF CYCLIC TEST 
FAILURE 


5 


X ^ 

t "e 


50.1 
- (45.6) 

51.4 
. (46.8) 

57.4 

(52.1) 

60.0 
.. (54.6) 

65.6 

(59,7) 

70.7 
(64,3) 

78.4 

(71.3) 

91.3 

(83.1) 

83.5 

-175-0) 

97.4 
_ (88.6) 

54.6 

imm 

-149,7) . 

58.9 

163-6) 

60.9 

(55.4) 

69.2 

-163JS1 I 

mi 

(67.4) 

90.0 

—161,9) 

110.1 

(160.2) 

88.6 

180.6) 

108.5 

(98.7) 

61.3 

(55.8) 

65.0 ■ 
(59.1) 

67.3 

(61.2) 

m.8 

(66.2) 

“354 

186.8) 

— 

60.9 

185.4) 

64.3 

(58.5) 

64.2 

158.4) 

68.8 

(62.6) 

66.5 

150.5) 

71.9 

(66.4) 

89.2 

(81.2) 

94.9 

(86.3) 

115.4 

(105.0) 
122.6 , 
(111.6) 


REMARKS 


SPECIMEN DIMPLED AFTER 
108 CYCLES AND TEST 
TERMINATED IMMEDIATELY 
PRIOR TO FAILURE AT 
131 CYCLES; SPECIMEN 
THEN FAILED AT RT. 


SPECIMEN DIMPLED 
AFTER 92 CYCLES AND 
TEST TERMINATED 
IMMED. PRIOR TO FAILURE 
AT 293 CYCLES; SPECIMEN 
THEN FAILED AT RT. 


SPECIMEN DIMPLED AFTER 80 
CYCLES; SPECIMEN MARKED 
EXCESSIVELY AND FAILED 
ON FIRST CYCLE OF RE- 
STARTED TEST. 


SPECIMEN DIMPLED AFTER 
33 CYCLES AND TEST 
TERMINATED IMMED. 
PRIOR TO FAILURE AT 
162 CYCLES; SPECIMEN 
THEN FAILED AT RT. 




Table 28: 6AL-4VSTA Titanium (RT Direction) Cyclic Flaw Growth Data at 295° K (72° F); t = 0.31 cm (0. 12 Inch), 
o Q - 0.77 Oy S and (a/2c)j =0.34 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

GROSS STRESS. G 1 
MN/m 2 (KSI) S 

FLAW DEPTH, a 
cm (INCH) 1 

FLAW WIDTH, 2c 
cm (INCH) 

a/2c 

1 0 

TEST 

ENVIRONMENT 

i 

GO 

^ CN 

2 ”e 

m 2 

E 5 

K, WITH M k 
MN/m 3/2 (KSI VTN) 

REMARKS 

CT14-1 

0.310 

(0.122) 

5.08 

(2.00) 


820.5 

(119.0) 

0.104 

(0.041) 

0.305 

(0.120) 

0.34 

0.34 

AIR 

40.2 

(36.6) 

41.5 

(37.8) 

SPECIMEN DIMPLED AFTER 
84 CYCLES BUT CYCLED 
FOR 96 CYCLES. SPECIMEN 
MARKED AND TEST RE-STARTED. 
TEST TERMINATED AT FLAW 
BREAKTHROUGH AT 691 
CYCLES; SPECIMEN THEN 
FAILED AT RT. 


0.114 

(a045) 

0.325 

(0.128) 


0.37 


KSQBl 


0.117 

(ao4S) 

KKB1 


0.38 

42.6 

(38.8) 

44.1 

(40.1) 


SB 

BEEBll 


1.00 

64^5 

(58.71 




1 

0.762 

(0.300) 


1.00 

69.2 

(63.0) 

— 

CT14-2 

0.300 

(0.118) 

5.08 

(2.00) 


820.5 

(119.0) 

IMF *rm 



0.34 

AIR 

mu%wm 

■K1BW 


SPECIMEN DIMPLED AFTER 

77 CYCLES BUT CYCLED 

FOR 82 CYCLES. SPECIMEN ; 

MARKED AND TEST RE-STARTED. 

TEST TERMINATED AT FLAW 
BREAKTHROUGH AT 747 CYCLES; 
SPECIMEN THEN FAILED AT RT. 


IraSPJl 

0.320 

(0.126) 


0.38 



GT> 

0.11/ 

(0.046) 

0:343 

(0.135) 

0.34 

0.39 

(38.8) 

44.2 

(40.2) 

£> 

a ® t 

0.638 

(0.330) 

0.36 

1.00 

67.0 

(61.0) 



869.5 

(126.1) 

a * t 

0.838 

(0.330) 

0.36 

1.00 

71.3 

(64.9) 

— 

CT14-3 

0.305 

(0.120} 

5.08 

(2.00) 


820.5 

(119.0) 

0.124 
.. (0.049) .. 

03ST - 

J0J50) 

0.33 

0.41 

AIR 

44,7 

(40.7) 

46.6 

(42.4) 

SPECIMEN DIMPLED AFTER 
84 CYCLES BUT CYCLED 
FOR 90 CYCLES. SPECIMEN 
MARKED AND TEST RESTARTED. 
TEST TERMINATED AT FLAW 
BREAKTHROUGH AT 434 
CYCLES; SPECIMEN THEN 
FAILED AT RT. 

g> 

0.137 

-10-054) 

0.406 

(6.160) 

0.34 

0.45 

46.4 

(42.2) 

48.6 

(44.2) 

,.l3> 

0.145 

(0.067) 

0.432 

<0.170) 

0.34 

0.48 

47.8 

(43.6) 

50.4 

(45.9) 


a ** t 

0.762 

J&3Q0) 

0.40 

1.00 

64.4 

(58.6) 



819.8 

mg.9) 

a = t 

0.762 

-10.350) 

0.40 

1.00 

64"4 

(58.6) 

— 

CT14-4 

0.307 

(0.121) 



820.5 

(119.0) 

0.130 

(0.061) 

0.386 

-10.1521 

0.34 

0.42 

AIR 

(41.1) 

47.0 

(42.8) 

SPECIMEN DIMPLED AFTER 
60 CYCLES BUT CYCLED 
FOR 64 CYCLES. SPECIMEN 
MARKED AND TEST RE-STARTED. 
TEST TERMINATED AT FLAW 
BREAKTHROUGH AT 606 CYCLES; 
SPECIMEN THEN FAILED AT RT. 


0.137 

(0.054) 

0.406 

(0.160) 

0.34 

0.45 1 

46.4 

(42.2) 

48.6 

(44.2) 

5.08 

(2.00) 

,p> 

0.142 

(0.056) 

0.417 

(0.164) 

0.34 

0.46 

"“47.6 

(42.8) 

49.3 

(44.9) 

S> 

a = t 

0.762 

(0.300) 

0.40 

1.00 

so 

(58.6) 



g> 

886.0 

(128.5) 

a = t 

0.762 

(0.300) 

0.40 

1.00 

70.0 

(63.7) 

— 

T> INITIAL CYCLIC CONDITIONS 

g> DIMPLING OCCURRED £> TERMINATION OF CYCLIC TEST 

RE-START OF CYCLIC TEST AFTER FAILURE 



DIMPLING AND MARKING 





















Table 29: 6AL-4V ST A. Titanium (RT Direction) Cyclic Flaw Growth Data at 295° K (72° F); t = 0.31 cm (0. 12 Inch), 
o Q = 0.77 Oy S and (a/2c)j ss 0. 10 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

GROSS STRESS, G [ 
MN/m 2 (KSI) j 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

u 

CM 


TEST 

ENVIRONMENT 

i 

</) 

— CM 
-* CO 

? E 

% z 
£ 5 

1 

to 

* £ 
x 

ii 

REMARKS 

CT11-1 

0.310 

(0.122) 

10.16 

(4.00) 

0> 

82a 5 
(119.0) 

0.107 

(0.042) 

1.041 

(0.410) 

0.10 

0.34 

AIR 

53.0 

57.8 

. 152.61 _ 

SPECIMEN DIMPLED AFTER 
64 CYCLES AND TEST 1 

TERMINATED IMMED. 

PRIOR TO FAILURE AT 
120 CYCLES; SPECIMEN 
THEN FAILED AT RT. 


0.127 

(0.050) 

L041 

(0.410) 

0.12 

0.41 

55. 7 
(51.6) 

63.0 

(57.3) 


0.132 

<0.0521 

'"YW ' 
(0.410) 

0.13 

0.43 

57.5 

(52.5) 

64.5 

(58.7) 

g> 

0.213 

(0.084) 

1.219 

(0,480) 

ais 

0.69 

69.6 

(63.3) 

92.3 

(84.0) 


851.5 

(123.5) 

(0.C94) 

OYy 

(0.480) 

0.18 

aes 

72.5 

98.3 

_J87._6) 

CT11-2 

0.310 

(0.122) 

iai6 

(4.00) 

E> 

820.5 

(119.0) 

0.104 

(.0.041) 

1 .029 
(0.405) 

0.10 

0.34 

AIR 

527! 

(47.7) 

57.1 

(52.0) 

SPECIMEN DIMPLED AFTER 
62 CYCLES AND TEST 
TERMINATED IMMED. 
PRIOR TO FAILURE AT 
131 CYCLES; SPECIMEN 
THEN FAILED AT RT. 


0.127 

(0.050) 

1.029 

(0.405) 

0.12 

0.41 

56.6 

(51.5) 

B'2.9 

(67.2) 

££> 

0132 

(0.052) 

1.029 

(0405) 

ai3 

0.43 

— 

(52.3) 

esTi 

(58.6) 

GD> 

0223 

(00891 

1.143 

(0450) 

0.20 

0.73 

69.8 

(63.5) 

93.3 

(85.2) 


837.1 

(121.4) 

0.223 

(0.089) 

1.143 

(0.450) 

0,20 

0.73 

TFT~ 

(64.9) 

(87.1) 

CT11-3 

0.305 

(0.120) 

10.16 

(4.00) 


820.5 

(119.0) 

j 

oferr 

(a032> 

0.800 

(0.315) 

~ aio 

0.27 

AIR 

(42.’ 1) 

49.1 

. !44J1. ... 

SPECIMEN DIMPLED AFTER 
83 CYCLES AND TEST 
TERMINATED IMMED. 
PRIOR TO FAILURE AT 
294 CYCLES; SPECIMEN 
THEN FAILED AT RT. 


a cm 

(0.039) 

0.800 

(0.315) 

0.12 

0.33 

50.C 

(45.5) 

54.1 

. (49.2) j 

g> 

0104 

(0041) 

0.8C0 1 
(0.315) 

ai3 

0.34 

©E5" - 
(46.3) | 

55.3 

(50.3) 


0.21S 

(0085) 

1.041 

(0.410) 

asi 

0.71 

67.5 

88.4 
mAi 

H> 

! 860.5 
I 024.8] 

0.216 

iosmm 

1.041 

(0.410) 

a2i 

0.71 

71.2 
(84,81 _ 

93.2 

CT1 1-4 

0.315 

(0.124) 

10.16 

(4.00) 

E> 

820.5 

(119.0) 

0.079 

(0J031) 

0.787 

(0,310) 

0.10 

0.25 

AIR 

45.6 

(41.51 

48.1 

< 43.81 

SPECIMEN DIMPLED AFTER 
111 CYCLES AND TEST 
TERMINATED AT FLAW 
BREAKTHROUGH AT 411 
CYCLES; SPECIMEN 
THEN FAILED AT RT. 


0094 

(0037) 

0.787 

(0.310) 

0.12 

0.30 

48.9 

(44.5) 

62.5 

(47.81 


0097 

(0038) 

0.787 

(0.310) 

0.12 

0.31 

49.3 

(44.9) 

53.2 

(48.4) 

fc> 

a - t 

1.067 

(0.420) 

0.30 

1.00 

73.7 

(67.1) 



844.6 

pg-w 

a = t 

1.067 

(0.420) 

0.30 

1.00 

76.2 

(69.3) 

— 



INITIAL CYCLIC CONDITION 
DIMPLING OCCURRED 

RE-START OF CYCLIC TEST AFTER 
DIMPLING AND MARKING 


TERMINATION OF CYCLIC TEST 
FAILURE 



185 


Table 30: 6AL-4VSTA Titanium (RT Direction) Cyclic Flaw Growth Data at 295° K (72° F); t = 0.16 cm (0.063 Inch), 
o Q = 0.77 o y$ and (a/2c)j as 0.40 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH. W 
cm (INCH) 

TEST | 

CONDITIONS 

AT 

GROSS STRESS, G 
MN/m 2 (KSD 

FLAW DEPTH, a 
cm (INCH) 

o 

CN 

X 

1- _ 
O X 

3 - 
< 

I 

o 

CN 

** 

TEST 

ENVIRONMENT 

I 

C/5 

* CM 

S % 
E s 

1 

LO 

* £ 
S 

x g 

H 
* 2 

REMARKS 

1 





0.048 

(0.019) 

0.107 

(0.042) 

0.45 

0.30 


IsKfl 

24.4 

(22.2) 

SPECIMEN DIMPLED AFTER 83 





820.5 

? 

? 

— 

— 


— 


CYCLES BUT CYCLED FOR 89 
CYCLES. SPECIMEN MARKED AND 

CT64-1 

0.160 

(0.0631 

3.81 

(1.50) 

B> 

(119.0) 

7 

? 

— 

— 

AIR 

— 


TEST RE-STARTED. FLAW BREAK- 
THROUGH OCCURRED AT 1700 






a 3 t 

0.401 
. (0.158) 

0.45 

1.00 


46.7 

(42.5) 

- 

CYCLES BUT CYCLED FOR 
1789 CYCLES. SPECIMEN 





806.0 

(116.9) 

a =* t 

0.401 

(0.158) 

0.45 

1.00 


45.8 

(41,7) 

— 

THEN FAILED AT RT. 




£> 


0.038 

(0.015) 

0.104 

(0.041) 

0.37 

0.24 


23.6 

(21.51 

24.1 

(21.9) 

SPECIMEN DIMPLED AFTER 98 




B> 

820.5 

? 

? 

— 

— 



— 

CYCLES BUT CYCLED FOR 106 
CYCLES. SPECIMEN MARKED AND 
TEST RE-STARTED. FLAW BREAK- 
THROUGH OCCURRED AT 1500 

CT64-2 

0.160 

(0.063) 

3.81 

11.50) 


(119.0) 

? 

? 

— 

— 

AIR 

— 

— 






a = t 

0.381 

(0.150) 

0.45 

1.00 


45.6 

(41.5) 

— 

CYCLES BUT CYCLED FOR 
1597 CYCLES. SPECIMEN 





861.9 

(125.0) 

a = t 

0.381 
(a 150) 

0.45 

t.oo 


48.1 

(43.8) 

— 

THEN FAILED AT RT. 






6.063 1 
(0.027) 

lit 

(0.070) 

0.39 

0.42 


31.1 

(28.3) 

31.9 

(29.0) 

SPECIMEN DIMPLED AFTER 



3.81 

(1.50) 


820.5 

? 

? 

— 

— 




50 CYCLES BUT CYCLED FOR 
57 CYCLES, SPECIMEN MARKED 

CT64-3 

0.165 

(0.065) 


(119.0) 

? 

? 

— 

— 

AIR 

— 

— 

AND TEST RE-STARTED. FLAW 
BREAKTHROUGH OCCURRED AT 






a - t 

0l419 

(0.165) 

0.52 

1.00 


47.7 

(43.4) 

— 

740 CYCLES BUT CYCLED FOR 
794 CYCLES. SPECIMEN 





872.2 

(126,51 

a = t 

0.419 

(0.165 

0.52 

1.00 


51.0 
. (46,4) 

— 

THEN FAILED AT RT. 






0.074 

(0.029) 

0.185 

(0.073) 

0.40 

0.40 


31.8 

(28.9) 

32.5 

(29.6) 

SPECIMEN DIMPLED AFTER 93 




g> 

820.5 

7 

7 

— 

— 




CYCLES BUT CYCLED FOR 95 
CYCLES. SPECIMEN MARKED AND 

CT64-4 

0,168 

(0.066) 

3.81 

(1.50) 

E> 

(119.0) 

7 

? 

— 

— 

AIR 

— 

- 

TEST RE-STARTED. FLAW BREAK- 
THROUGH OCCURRED AT 650 




S> 


a = t 

0.305 

(0.120) 

0,56 

1.00 


42.8 

(38.9) 

— 

CYCLES BUT CYCLED FOR 
787 CYCLES. SPECIMEN THEN 




E>_ 

832.2 

(120.7) 

a = t 

0.305 

(0.120) 

0.55 

1.00 


43.4 

(39.5) 

— 

FAILED AT RT. 


g INITIAL CYCLIC CONDITIONS 
DIMPLING OCCURRED 

RE-START OF CYCLIC TEST AFTER 
DIMPLING AND MARKING 


TERMINATION OF CYCLIC TEST 
FAILURE 








Table 31: 6AL-4VSTA Titanium (RT Direction) Cyclic Flaw Growth Data at 295° K (72°F);t-0. 16cm (0.063 Inch), 

o 0 = 0 \ 77 o ys and (a/2c)j =0. 10 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

o 

ui 

in — 

£ S 

0*5 

° | 
£T 2 

a 5 

FLAW DEPTH, a 
cm (INCH) 

u 

CM 

X V 

1- _ 
Q i 

5 - 
< 

iS 

o 

CM 

<rc 

4-» 

TEST 

ENVIRONMENT 

| 

(/) 

^ fM 

5 e 

E S 

00 

* * 
i cj 

n 

REMARKS 

CT6M 

0.155 

(0.061) 

5.08 

(2.00) 


820.5 

(119.0) 

mi 

IRnRH 


0.20 

AIR 


Mgsm 

SPECIMEN DIMPLED AFTER 
134 CYCLES AND TEST 
TERMINATED AT FLAW 
BREAKTHROUGH AT 772 
CYCLES. SPECIMEN THEN 
FAILED AT RT. 


■uXuiil 


0.12 

0.23 

■RJB1 

31.4 

(28.6) 


0.074 

(0.029) 

0.305 

(a 120) 

0.24 

0.47 

■Sem 



a = t 


0.28 

1.00 

53.0 

(48.2) 



■EiaiUM 

wi 

Ksa 

0.564 
(a 222) 

0.28 

1.00 

6TU 

(56.2) 


CT01-2 

0.157 

(0.062) 

5.08 

(2.00) 



IPmCI 

0.305 

(0.120) 

0.12 

0.23 

AIR 

30.1 

(27.4) 


SPECIMEN DIMPLED AFTER 119 
CYCLES BUT CYCLED FOR 120 
CYCLES. SPECIMEN MARKED 
AND TEST RE-STARTED. FLAW 
BREAKTHROUGH OCCURRED AT 
759 CYCLES. SPECIMEN 
THEN FAILED AT RT. 


0.041 

(0.016) 

VuXEEjI 

0.13 

0.26 


33.4 

(30.4) 


0.076 

(0.030) 

0.305 

JOJ20) 

0.25 

0.49 

38:2 

(34.8) 

42.2 

(38.4) 


a » t 

0.508 

(0.200) 

0.31 

1.00 

51.1 

(46.5) 



938.4 

(136.1) 

a = t 

0.508 

(0.200) 

0.31 

1.00 

59.3 

(54.0) 


CT61-3 

0.163 

(0.064) 

5.08 

(2.00) 

E> 

820.5 

(119.0) 

0.053 

(0.021) 

0.526 

(0.2071 

aio 

0.33 

AIR 

3T5 

(34.1) 

46.8 

(37.1) 

SPECIMEN DIMPLED AFTER 
63 CYCLES BUT CYCLED 
FOR 68 CYCLES. SPECIMEN 
MARKED AND TEST RE-STARTED. 
FLAW BREAKTHROUGH 
OCCURRED AT 501 CYCLES. 
SPECIMEN THEN FAILED AT RT. 


0.058 

(0.023) 

0.526 

(0.207) 

0.11 

0.36 

38^8 

(35.3) 

42.5 

(38.7) 


0.058 
. (0.023) 

0.526 

(0.207) 

0.11 

0.36 

38.8 

(35.3) 

42.5 

(38.7) 


a - t 

0.693 

(0.273) 

Qi23 

1.00 

56.8 

151.71 


H> 

908.8 

(131.8) 

a = t 

0.693 

(0.273) 

0.23 

1.00 

63.6 

157.91 


CT61-4 

0.155 

10.061) 

5.08 

(2.00) 


820.5 

(119.0) 

0.046 

(0.018) 

0.513 

(0.202) 

0.09 

0.30 

AIR 

1ST 

(32.0) 

37.9 

(34.5) 

SPECIMEN DIMPLED AFTER 
95 CYCLES AND TEST 
TERMINATED AT FLAW 
BREAKTHROUGH AT 
655 CYCLES. SPECIMEN 
THEN FAILED AT RT. 


0.056 

(0.022) 

0.513 

(0.202) 

0.11 

0.36 

38.0 

(34.6) 

41.8 

(38.0) 


0.056 

(0.022) 

0.513 

(0.202) 

0.11 

0.36 

' "38.6 
(34.6) 

41.8 

(38.0) 


£> 

a = t 

0.686 

(0.270) 

a 23 

1.00 

55.9 
- (50,9) 




899.1 

(130.41 

a = t 

0.686 

(0.270) 

0.23 

LOO 

ro.o 

(56.4) 




INITIAL CYCLIC CONDITIONS 
DIMPLING OCCURRED 

RE-START OF CYCLIC TEST AFTER 
DIMPLING AND MARKING 



TERMINATION OF CYCLIC TEST 
FAILURE 





























Table 32: 6AL-4 V STA Titanium (WT Direction) Cyclic Flaw Growth Data at 295° K (72° F) in Argon 

and Sait Water at 10 cpm; t = 0.31 cm (0. 12 inch), o 0 - 0.68 o ys and (a/2c)j s 0J7 


CD 

-vj 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

GROSS STRESS, G 
MN/m 2 (KSI) 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

a/2c 


TEST 

ENVIRONMENT 

1 

in 

^ CM 

E s 

CO 

* * 
2 

x CJ 

li 
* 2 

REMARKS 

(NUMBER OF CYCLES 
REFER TO TOTAL CYCLES) 


0.315 

(0.124) 

5.11 
(2.01 ) 

ItgH 


0.163 

(0.064) 

0.427 

(0.168) 

0.38 

0.52 

ARGON 

42.6 


CYCLIC TEST TERMINATED 
AT FLAW BREAKTHROUGH 
AT 128 CYCLES. SPECIMEN 
FAILED IN RT AIR. 

jpg 

a - t 

0564 

(0,3401 

0.37 

1.00 

60.4 

( fifi .01 


V^i 


a ■ t 

0564 

(0.340) 

0.37 

1.00 

AIR 

71.2 

(64.8) 

— 

OST-18A 

0.306 

(0.1201 

5.11 
(2.01 ) 

■s 


0.130 
(0.051 ) 

0.351 

-L0-138) 


0.43 

ARGON 

mzsjm 

HUI 

W£Tjm 

CYCLIC TEST TERMINATED 
AT FLAW BREAKTHROUGH 
AT 342 CYCLES. SPECIMEN 
FAILED INRT AIR. 

■SI 

a = t 

ms£sm 

Bexm 


1.00 

KiEjI 



fPIfTM 

IifVfril 

a = t 

WSGSaM 


1.00 

AIR 

WM 

BrSTSW 

— 

OST-1 1 A 

0.290 

(0.114) 


■frsJI 

734.3 

(106.5) 

0.156 

(0.061) 

0.406 

(0.160) 

0.38 

0.54 

SALT 

WATER 

41.5 

(375) 

435 

(39.7) 

CYCLIC TEST TERMINATED 
AT 39 CYCLES. SPECIMEN 
FAILED IN RT AIR. 

ta 


w&z&m 

IMkioll 



Mm 

(64.1) 

"865 

(79.1) 

1551 


KwfcMl 


0.27 

0.70 

AIR 

Basil 

&.9 

(79.1) 




1531 



0.396 

(0.156) 



SALT 

WATER 


42.5 

(38.4) 

CYCLIC TEST TERMINATED 
AT FLAW BREAKTHROUGH 
AT 59 CYCLES. SPECIMEN 
FAILED IN RT AIR. 

113! 

pIKfII 



0.93 

67.3 
(61 J) 

— 


n 

puEil 

1.270 

(0.500) 

0.23 

0.93 

AIR 

KMkJl 

— 


[T^> INITIAL CYCLIC CONDITIONS 
(^> TERMINATION OF CYCLIC TEST 
FAILURE 






























































Table 33: 6AL-4VSTA Titanium (WT Direction) Cyclic Flaw Growth Data at 295° K <72° F) in Argon 
and Salt Water at W cpm; t = 0,16 cm (0.063 Inch), o 0 = 0.68 o ys and (a/2c)j as 0.10 


CO 

CO 



[£> INITIAL CYCLIC CONDITIONS 
[2^- > termination of cyclic test 

FAILURE 





Table 34: 2219 ■ T87 Aluminum Cyclic Flaw Growth Data at 78° K (-320° F) A fter Cryogenic Proof Test; 
t = 1.27 cm (0.50 Inch}, o 0 = 0.67 o ys and (a/2c)j = 0.39 


oo 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

GROSS STRESS, G 
MN/m 2 (KSI) 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

a/2c 

TO 

TEST 

ENVIRONMENT 

i 

</) 

* 

^ CN 

E % 
5 2 

If 

* * 
5 

X ^ 

11 
* 2 

REMARKS 

OAS4-3 

1.270 

(0.500) 

12.70 

(6.00) 

G> 

407.5 
( 59. 1 ) 

a 584 
.10.230) 

1.537 

(0.605) 

0.38 

046 


45.8 
(A 17) 

47.4 

(43.1) 

SPECIMEN PROOF TESTED AND 
THEN CYCLED FOR 862 
CYCLES- SPECIMEN MARKED 
AND CYCLE TEST RE-STARTED. 

TEST TERMINATED IMMED. 

PRIOR TO FAILURE AT 1584 
CYCLES; SPECIMEN THEN 
FAILED AT RT. (FLAW SIZE 
BEFORE AND AFTER MARKING EQUAL) 

I> 

0.605 

(0.237) 

1.800 

(0.630) 

a38 

047 

46.7 

(47.fi) 

48.5 

(44.1) 


302.0 

(43.8) 

0602 

(0.237) 

1.600 

(0.630) 

038 

047 

LN 2 

33.8 

(308) 

35.2 

(32.0) 

. B> 

0.665 

(0.262) 

1.956 

(0.770) 

0.40 

0.62 

37.0 

(33.7) 

39l7 

(36.1) 


1.106 

(0.435) 

3.937 

(1.550) 

0.28 

0.87 

51.1 

(46.5) 

— 

g> 

269.3 

1.106 

3.937 

(1.550) 

0.28 

087 

AIR 

44l6 

(40.0) 

— 

OA64-7 

1.275 

(0.502) 

12.70 

(5.00) 


407.5 

(59.1) 

0623 

(g-?06) 

1.321 

(0,620) 

040 

0.41 

LNj 

42.5 

(38.7) 

“43.5 

(398) 

SPECIMEN PROOF TESTED; 

THEN CYCLED FOR 487 
CYCLES ANO GRIP STUD FAILED! 
CYCUC TEST RE STARTED 
AND TEST TERMINATED 
IMMED. PRIOR TO FAILURE 
AT 2375 CYCLES; SPECIMEN 
THEN FAILED AT RT. 


0.S49 

(0.216) 

1.346 

C0.530) 

041 

0.43 

43.1 

09.2) 

44l6 

(4ao) 


303.0 

(43.8) 

0.549 

(0.216) 

1 346 

(0630) 

041 

0.43 

31.2 

(28.4) 

31.9 

(29.0) 


0.889 

(0.350) 

2.184 

(a860) 

0.41 

0.70 

35:5 

(36.2) 

42.8 

(38.9) 


1.143 

(0.460) 

3.566 

(1.400) 

032 

0.90 

49.7 

(45.2) 


S> 


1.143 

(04M> 

3.656 

(1.490) 

0.32 

090 

AIR 


— 

0A54-4 

1.280 

(0.504) 

12.70 

(5.00) 


445.4 

(64.6) 

7538? 

JO. 144) 

(f»14 

(0.360) 

0.40 

0.29 

LN 2 

39.1 

(35.6) 

39.B 

(36.2) 

SPECIMEN PROOF TESTED; 
THEN CYCLED FOR 3772 
CYCLES AND TEST 
TERMINATED IMMED. PRIOR 
TO FAILURE; SPECIMEN 
THEN FAILED IN RT AIR. 

B> 

0.389 
(0l1 53) 

0.965 

1QJ80) 

040 

030 

40.2 

(3fi.fi) 

41.0 

(37-3) 


302.0 

(43.8) 

0.389 

(0.153) 

a 965 
(0.380) 

0.40 

030 

26.5 

(74.1) 

26.9 

(24.5) 


0.978 

(0.385) 

3.37B 

(1.330) 

0.29 

0.76 

47.6 

(43 3) 

59.5 

(54.1) 


265.5 

138,5) 

a978 
l 10^385) 

3.378 

(1.330) 

: 029 

0.76 

AIR 

42.0 

(38.2) 

52.5 

(47.8) 

OA54-8 

1.280 

(0.504) 

12.70 

(5.00) 




0.902 

(0.355) 

036 

0.25 

un 2 

39.3 

(35.8) 

40.1 

(36.6) 

SPECIMEN PROOF TESTED; 
THEN CYCLED FOR 5200 
CYCLES AND TEST 
TERMINATED IMMEO. PRIOR 
TO FAILURE; SPECIMEN 
FAILED (N LN 2 


■fiTwB 





40.2 

(36.6) 


302.0 

(43.8) 

luXESI 

IuPe3B 











56.7 

(50.7) 



IwRuSb 

IwedI 


0.77 

— 
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Hi 

F 


t 3 


D 

£E 

cr 

Ul 


fc s 
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6 
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O 
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Ui 
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5 

Z 

2 

QC 

UJ 
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UJ 

oc 

13 
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Table 35: 2219-T87 Aluminum Cyclic Flaw Growth Data at 78° K (-320° F) After Cryogenic Proof Test; 
t = 1.27 cm (0.50 Inch), o 0 = 0.67 Oy S and (a/2c)j = 0.28 


i f 

U> w 

v - ~ S REMARKS 


OA51-3 


1.276 

(0.502) 


LUOI- 
H O < 


| 0.467 

07.6 

59.11 I 0.493 


«I$HI 


2 ? Z Z 

LU : E 2 * S 


SPECIMEN PROOF TESTED; 
THEN CYCLED FOR 1533 
CYCLES AND TEST 
TERMINATED IMMED. PRIOR 
TO FAILURE; SPECIMEN 
FAILED IN RT AIR. 






31.0 | 32.4 




SPECIMEN PROOF TESTED; 
THEN CYCLED FOR 2300 
CYCLES AND TEST 
TERMINATED IMMED. PRIOR 
TO FAILURE; SPECIMEN 
FAILED IN RT AIR. 


0A51-4 


1.283 20.32 

(0.505) (8.00) 




SPECIMEN PROOF TESTED; 
THEN CYCLED FOR 5322 
CYCLES AND TEST 
TERMINATED IMMED. PRIOR 
TO FAILURE; SPECIMEN 
FAILED IN RT AIR. 


OA51-8 1-273 20.32 

° 51 B (0.501) (8.00) 


0.262 

302.0 

(43.8) I 1.130 


0.249 0.813 


iesiieesi 


SPECIMEN PROOF TESTED; 
THEN CYCLED FOR 7513 
CYCLES AND TEST 
TERMINATED IMMED. PRIOR 
TO FAILURE; SPECIMEN 
FAILED IN RT AIR. 


INITIAL CONDITIONS 
(5^> PROOF LOAD 


START OF CYCLIC TEST 
(4> TERMINATION OF CYCLIC TEST 


[§> FAILURE 



















































































Table 36: 2219 - T87 Aluminum Cyclic Flaw Growth Data at 78° K (-320° F) After Cryogenic Proof Test; 
t = 127 cm (0.50 Inch), o 0 = 0.91 o ys and (a/2c)j = 0.40 and 0. 10 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

GROSS STRESS, G 
MN/m 2 (KSI) 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

o 

CN 

4- 1 

CTJ 

TEST 

ENVIRONMENT 

I 

00 

^ CN 
* " E 
SE 5 

K, WITH M k 
MN/ m 3/2 (KSI i/iN) 

REMARKS 

OCA54-1 

1.278 

(0.503) 

12.70 

(5.00) 


463.0 

(65.7* 

Kbtnn 

W*WE¥M 

hnhSRI 



LN 2 

■H.-M 


SPECIMEN PROOF TESTED 
AND THEN CYCLED FOR 
202 CYCLES. SPECIMEN 
MARKED AND CYCLE TEST 
RE-STARTED. TEST TERMI- 
NATED IMMED. PRIOR TO 
FAILURE AT 1269 CYCLES; 
SPECIMEN FAILED IN 

ln 2 


0.338 

(0.133) 

1*$1 




MM 

la 

412.3 

(69.8) 

0.338 

(0.133) 

0.851 

(0.335) 



54.C 

(31.6) 

56.2 

(32.0) 


? 

? 

- 

— 

— 

— 

MSI 


pHil 

KSi 

— 


— 

Bt*Si 

IMEm 



0.64 

S8.0 

(62.8) 

65.4 

(59.5) 


IB 

Fulfil 

Kfirl 

0.33 

0.64 



OCA54-3 

1.273 

(0.501) 

12.70 

(6.00) 

IS 





0.18 

LN 2 

EHfjfl 

PH 

SPECIMEN PROOF TESTED 
AND THEN CYCLED FOR 
206 CYCLES. SPECIMEN 
MARKED AND CYCLE TEST 
RE-STARTED. TEST TERMINATED 
IMMED. PRIOR TO FAILURE 
AT 2191 CYCLES; SPECIMEN 
FAILED IN LN 2 


■RPTjI 

■HPmW 


0t20 

HrtuEl 

■nni 


412.3 

(59.8) 

1381 



0.20 


58.5 

(26.3) 


? 

? 


— 

— 



? 

? 

— 

— 

— 

— 

B> 

IuEEdI 




■mM 

■SbI 

KSun 

IS 

mzSSjm 

Kun 

iffll 

■CiXL&DB 



mztm 

Mwim 

wTxdH 

OCA51-3 

1.273 

(0.501) 

20.32 

(8.00) 

■a 


a224 

-10.088) 

mnvzm 

IcoTnol 



ln 2 

■ciTH 

■Lllffl 

SPECIMEN PROOF TESTED; 
THEN CYCLED FOR 66 
CYCLES AND TEST 
TERMINATED IMMED. PRIOR 
TO FAILURE; SPECIMEN 
THEN FAILED AT RT. 


m&im 

WjjSEM 

Ipjk5j1 







MS&iM 

■PtiQi 



0.22 


K3DH 

kUshI 


W*7.y*m 



0.39 

60.8 

(46.2) 



22231 

■PiTTfl 

WtStiM 

IE3PS0I 


0.39 

AIR 

■PTuHB 

■lSjPjB 

0CA51 
-1 A 

1.288 

(0.507) 


isi 


KMfl 


0.09 

0.10 

LM 2 

■mITw 

Im)C]| 

SPECIMEN PROOF TESTED; 
THEN CYCLED FOR 668 
CYCLES AND TEST 
TERMINATED IMMED. PRIOR 
TO FAILURE; SPECIMEN 
THEN FAILED AT RT. 



Hssmi 

1.397 

(0.550) 

0.10 

0.11 

■JTIiB 

EH 

IEEW 

20.32 

(8.00) 


Q 

w*hhvm 

la ESI 




IRnRI 




0.572 

(0.225) 

I03E31 

0.34 

0.44 


50.7 

(46.1) 




0.572 

(0.225) 

1.702 

(0.670) 

0.34 

0.44 

AIR 

■in 

kSOI 

48.3 

(42.1) 


o 

z 

QC 
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o 
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Q. 
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cc 

Ui 

H 




(0 u 
ui 
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ui 

cc 

QC 
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O 


H- 
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_i 
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8 5 2 
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— i 
a. 
5 
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a: 
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< 
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QC 


LU 
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D 


ui ui 
(L H 


AMA 


co 
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O 
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LU 
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Table 37: 2219 ■ T87 Aluminum Cyclic Flaw Growth Data at 78° K (-320° F) A fter Cryogenic Proof Test; 

t = 0.38 cm (0. 15 Inch), o 0 = 0.87 Oy S and (a/2c)j = 0.37 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

GROSS STRESS, G 
MN/m 2 (KSI) 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

a/2c 

+-» 

TO 

TEST 

ENVIRONMENT 

CO 

* 

CO 

E E 

? ^ 
E 2 

l? 

CO 

* * 

n 
* 2 

REMARKS 

OA14-3 

0.394 

(0.155) 


ISIS 


IGHE1 

HSI 

0.38 

0.76 

LN 2 



SPECIMEN PROOF TESTED; 
THEN CYCLED FOR 1050 
CYCLES TO BREAKTHROUGH. 
CYCLING CONTINUED FOR 
TOTAL OF 1460 CYCLES. 
SPECIMEN FAILED IN 

PT A IP 

ESS 

TiKium 

IEKE5I 

HHH 


0.79 

mxwm 


IS 





Si 


27.7 

(25.2) 


WSM 

■nn:w 

BsBaal 


1.00 

28.8 

(26.2) 



Wttim 

a » t 

— 

— 

1.00 

AIR 

— 

— 


OA14-7 

0.396 

(0.156) 

&89 

(3.50) 


407.5 

(59.1) 

0.246 

(P.097) 

0.660 

(0.260) 

0.37 

1 

LN 2 



SPECIMEN PROOF TESTED; 
THEN CYCLED FOR 
2480 CYCLES TO 
BREAKTHROUGH; SPECIMEN 
FAILED IN RT AIR. 


0l249 

(0.098) 


0.37 

dn 

30.1 

(27.4) 

32.6 

(29.7) 


302.0 

(43.8) 

0.249 

(0.098) 

0.665 

(0.262) 

0.37 

0.63 

21.9 

(19.9) 

23.6 

(21.5) 

JS> 

a * t 

1.130 

(0.445) 

0.35 

1.00 

(25.7) 



333.0 

(48.3) 

a = t 

pi7i50 

(0.446) 

0.35 

1.00 

AIR 

31.9 

(29.0) 

— 

OA14-8 

0.356 

(0.140) 

&89 

(3.50) 


453.0 

(65.7) 

0.198 

(0.079) 

0.633 

(0.210) 

0.37 

0.56 

ln 2 

TBir 

(27.6) 

"'32.2 

(29.3) 

SPECIMEN PROOF TESTED; 
THEN CYCLED FOR 1720 
CYCLES TO BREAK- 
THROUGH; SPECIMEN 
FAILED IN RT AIR. 


0.236 

(0.093) 

0.660 

(0.260) 

0.36 

0.66 

33.6 

(30.6) 

37.5 

(34.1) 


302.0 

(43.8) 

0.236 

(0.093) 

0.660 

(0.260) 

0,36 

0.66 ; 

21.7 

(19.7) 

24.1 

(21.9) 


a * t 

1.067 

(0.420) 

0.33 

1.00 

27.4 

(24.9) 



410.3 
<5?, 5) 

a » t 

1.067 

(0.420) 

0.33 

1,00 

AIR 

38.5 

(35.0) 

— 

OA14-4 

0.389 

(0.153) 



431.6 

(62.6) 

6.229 

(0.090) 

0.622 

(0.245) 

0.37 

0.59 

ln 2 

31.0 

(28.21 

33.3 

(30.3) 

SPECIMEN PROOF TESTED 
AND THEN CYCLED FOR 
1300 CYCLES. SPECIMEN 
MARKED AND CYCLE TEST 
RE-STATED. TEST TERMINATED 
AT BREAKTHROUGH; SPECIMEN 
FAILED IN RT AIR. 


0.241 

(0.095) 

0.635 

(0.250) 

0.38 

0.62 

31.4 

(28.6) 

33.7 

(30.7) 

889 



0.241 

(0.096) 

0.635 

(0,250) 

0.38 

0.62 

21 .3 
(19.4) 

23.0 

(20.9) 

(3.bO) 


302.0 

(43.8) 

? 

? 

— 

— 






a =* t 

1.041 

(0.410) 

0.36 

1.00 

27.4 

(24.9) 

— 



343.4 

(49.8) 

a * t 

1.041 

(0.410) 

0.36 

1.00 

AIR 

31.8 

(28.9) 

— 


(j> INITIAL CONDITIONS 
PROOF LOAD 


START OF CYCLIC TEST 
CYCLIC TEST INTERRUPTION 


TERMINATION OF CYCLIC TEST 
FAILURE 



































Table 38: 22 19 ■ T87 Aluminum Cyclic Raw Growth Data at 78° K (-320° F) After Cryogenic Proof Test; 
t = 0.38 cm (0. 15 Inch), o 0 = 0.67 o ys and (a/2c)j ss 0.11 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

o 

to 

to ^ 

E * 

to 

to CN 

8 | 
CL 2 

u 2 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

a/2c 

■M 

CU 

TEST 

ENVIRONMENT 

i 

to 

^ CM 

1 ”e 

£ s 


I 

to 

* * 
X g 

i! 

* 5 

REMARKS 

OA 1 1-3 

0.394 
(0.1 SB) 

12.70 

(5.00) 


382.0 

(55.4) 

0.211 

(0.083) 

foi-iMl 



LN 2 

■TOPhI 

44.0 

(40.0) 

SPECIMEN PROOF TESTED; 
THEN CYCLED FOR 70 
CYCLES TO BREAK- 
THROUGH; SPECIMEN 
FAILED IN RT AIR. 


0.312 

(0.123) 

2.388 

(0.940) 



ISXJI 



302.0 

(43.8) 

WjWfFM 

■BftSl 

ITTiiol 



■KoKB 

48.2 

(43.9) 


a - t 

iwtiyi 



KiEl 


[£> 


a * t 

IBEEM 

0.17 

1.00 

AIR. 

BHI 

Kiifl 


OA11-7 

0l394 

(0.155) 

12.70 

(6.00) 


407.5 

(59.1) 


mx^m 

0.10 

0.62 

LN 2 

37.4 
I3A0I . 


SPECIMEN PROOF TESTED; 
THEN CYCLED FOR 
406 CYCLES TO 
BREAKTHROUGH; SPECIMEN 
FAILED IN RT AIR. 


m&iZM 

KSE3I 

2.032 

(0.800) 

0.13 

0.67 

41.0 

(37^ 

55.4 

(604) 


302.0 

(43.8) 

0355 

(0.103) 

2.032 

(0,800) 

0.13 

0.67 

39.2 

(26.6) 

39.6 

(36.0) 


a » t 

2.210 

(0.870) 

0.18 

1.00 

34l2 

(31.1) 



302.0 

(43.8) 

a - t 

2.210 

(0.870) 

0.18 

1.00 

AIR 

34.7 

(316) 


OA11-8 

i 

0.391 

(0.154) 

12.70 

(6.00) 


448.2 

(65.0) 

0.150 

(0059) 

1.168 

(0,450) 

0.13 

0.38 

LN 2 

34.7 

131,6) 

38.1 

(34J1 _ 

SPECIMEN PROOF TESTED; 
THEN CYCLED FOR 


0168 

(0.066) 

1.168 

(0.460) 

0.14 

0.43 

le.i 

(32.9) 

40.4 

(36-8) 


302.0 

(43.8) 

0.168 

10.066) 

LI 68 
(0.460) 

0.14 

0.43 

23.1 

(21.0) 

25.8 

(23.5) 

2803 CYCLES TO 
BREAKTHROUGH; SPECIMEN 
FAILED IN RT AIR. 


a ■ t 

1.422 

(0.560) 

0.28 

1.00 

" 36)6 

(27.8) 


H> 

335.8 

(48.7) 

a * t 

1.422 

0.28 

1.00 

AIR 

34.9 

(31-8) 




[£> INITIAL CONDITIONS 

(J> PROOF LOAD 

[5> START OF CYCLIC TEST 

[£> TERMINATION OF CYCLIC TEST 

[§> FAILURE 



























Table 39: 2219-T87 Aluminum Cyclic Flaw Growth Data at 78° K (-320° F) After Cryogenic Proof Test; t = 0.38 cm (0. 15 Inch) 
o 0 = 0.76 o ys and (a/2c)j =0.37 


SPECIMEN 

NUMBER 

GO 

00 — 
LU X 

2 u 
* z: 

L> — 

f § 

WIDTH. W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

GROSS STRESS. Q 
MN/m 2 (KSI) 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH. 2c 
cm (INCH) 

a/2c 

■ 

TEST 

ENVIRONMENT 

1 

00 

^ CM 

S S E 
1 1 

§ 

00 

* * 
X 

L. CO 

If 
* 2 

REMARKS 

OCA 14-1 

0.368 

(0.145) 

8.89 

(3.50) 


W 

■ 

iBI 

■oft rail 

1 


ln 2 



SPECIMEN PROOF TESTED 
AND THEN CYCLED FOR 
1020 CYCLES. SPECIMEN 
MARKED AND CYCLE TEST 
RE-STARTED. TEST TERMINATED 
AT 1985 CYCLES AT BREAKTHROUGH: 
SPECIMEN FAILED IN LN 

2 

13a 

IS| 





mesm 

■rZJBM 

g> 



10111)1 



■Ujw 

■tmi 




IKfl 

w 


MEEM 




BEEE® 

mtiLKvm 

IPmJjI 



mzwm 




mkzm 

IWtlMl 

ES9 

1.00 


■■ 

B> 

1 


MMtm 

ImRRH 




— 

OCA 14-3 

0.394 
<0.1 55) 

a89 

l£> 

H 






MM 


SPECIMEN PROOF TESTED 
AND THEN CYCLED FOR 
513 CYCLES. SPECIMEN 
MARKED AND CYCLE TEST 
RE-STARTED. TEST 
TERMINATED AT 2063 
CYCLES AT BREAKTHROUGH; 
SPECIMEN FAILED IN LN 


BEB 

Rumol 

mmitm 

llwr^l 




■toemi 








IhCT 

1 HIM 

(3.50) 



IEEEBI 

IwfSDl 



lm 2 

Kmsii 

KAJ M 

■I 



0.251 

(0.099) 

0.635 

(0.250) 

ii 





I 



a = t 

mwMmi 

I0SS1I 




■kfjH 




|^|| 

a = t 

■MM 





— 


g INITIAL CONDITIONS 
PROOF LOAD 
START OF CYCLIC TEST 
DIMPLING OCCURRED 

RE-START OF CYCLIC TEST AFTER 
DIMPLING AND MARKING 

(g> TERMINATION OF CYCLIC TEST 
FAILURE 






























Table 40: 2219- T87 Aluminum Cyclic Flaw Growth Data at 78 U K (-320° F) After Cryogenic Proof Test; t = 0.38 cm (0. 15 Inch), 
o Q = 0.91 Oy S and (a/2c)j =? 0.11 


UD 

cn 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

width, w 

cm (INCH) 

TEST 

CONDITIONS 

AT 

O 

cn 

cn _ 

“ * 
cn 

cn cn 

8 £ 
QC 2 

O £ 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

a/2c 

rct 

TEST 

ENVIRONMENT 

§ 

cn 

* 

^ CN 

? "e 

I 1 

1 

, 1 
£ 

x C! 

n 

* s 

REMARKS 

OCA11-1 

0.384 

(0.151) 



453.0 

(65.7) 

IuA&MI 

Kijuk tm 

It* EE 31 


Btf 

LN 2 

32.0 

(29.1) 


SPECIMEN PROOF TESTED 
AND THEN CYCLED FOR 
253 CYCLES. SPECIMEN 
MARKED AND CYCLE 
TEST RE-STARTED. TEST 
TERMINATED AT 692 
CYCLES AT BREAKTHROUGH; 
SPECIMEN FAILED IN LN 

2 


? 

? 

! 






412.3 

(59.8) 



- 


— 

- 


IM>ii 



0.39 

WrTrt 71 

33.3 

(30.3) 


iWI 

0.953 

(0.375) 

1 



64.1 

(31.0) 


a = t 

1.575 

(0.620) 

0.24 

1.00 

44.2 

(40.2) 

— 


416.5 

a = t 

1.575 

(0.620) 

0.24 

1.00 

44.7 

(40.7) 

— 1 

OCA 11-3 

0.381 

(0.150) 

12.70 

(5.00) 

G> 

453.0 

(65.7) 

6.099 

(0.039) 

1.067 

(0420) 

0.09 

0.26 

ln 2 

29.8 

(27.1) 

31.5 

(28.7) 

SPECIMEN PROOF TESTED 
AND THEN CYCLED FOR 
286 CYCLES. SPECIMEN 
MARKED AND CYCLE TEST 
RE-STARTED. TEST 
TERMINATED AT 898 CYCLES 
AT BREAKTHROUGH; SPECIMEN 
THEN FAILED AT RT. 


? 

? 

— 

— 




412.3 

(59.8) 

? 

? 

— 

— 

- 

— 


0.122 

(0.048) 

( .067 | 

(0.420) 

0.11 

0.32 

28.8 

(26.2) 

“m — 

(28.3) 


0.135 

(0.053) 

1.067 

(0.420) 

0.13 

0.35 

— asi# — 

(27.2) 

32.5 

(29.6) 


a = t 

1.346 

(0.530) 

0.28 

1.00 

42.0 

(38.2) 


£> 

380.6 

(55.2) 

a = t 

1.346 

-IftfiEQI 

0.28 

1.00 

AIR 

■39:3 

(35.8) 

— 



B> 


INITIAL CONDITIONS 
PROOF LOAD 
START OF CYCLIC TEST 
DIMPLING OCCURREO 

RE-START OF CYCLIC TEST AFTER 
DIMPLING AND MARKING 

TERMINATION OF CYCLIC TEST 
FAILURE 




















Table 41: 6AL-4VSTA Titanium (Rt Direction ) Cyclic Flaw Growth Data at 295° K (72° F) After An Ambient Proof Test; t = 0.54 cm 
(0.21 Inch), o 0 = 0.77 o /$ and fa/2c)j = 0.37 


CT\ 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

o 

V) 

</) — 
s £ 

e 

00 

10 CN 

8 4 

a: z 
o 2 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

a/2c 

CO 

TEST 

ENVIRONMENT 

f 

CO 

* 

* CM 

? ”6 
§ z 
5 5 

1 

CO 

* * 
X ™ 

li 
* 2 

REMARKS 

(NUMBER OF CYCLES REFER 
TO TOTAL CYCLES) 

OCT24-1 

0.549 

(0.216) 

7.62 

(3.00) 


944.6 

0.147 

(0-058) 

0.401 

J0.158) 

0.37 

0.27 


54.2 

(49.3) 

55.3 

(50.3) 



(137.0) 

0.150 

-10.059) 

0.401 

(0.158) 

0.37 

0.27 


54.2 

(49.3) 

55.3 

(50.3) 

SPECIMEN PROOF TESTED AND j 


820.5 

(119.0) 

0.150 

(0.059) 

0.401 

..(0,158) 

0.37 

0.27 

AIR 

46.5 

(42.3) 

47.5 

(43.2) 

THEN CYCLED FOR 93 CYCLES. 
SPECIMEN MARKED AND 

£> 

0.155 

(0.061) 

0.401 

10.158) 

0.39 

0.28 

46.6 

(42.4) 

47.6 

(43.3) 

CYCLE TEST RE-STARTED. 
FLAW BREAKTHROUGH 


0.155 

(0.061) 

0.401 

(0.158) 

0.39 

0.28 

46.6 

(42.4) 

47.6 

(43.3) 

OCCURRED AT 870 CYCLES 
BUT CYCLED FOR 885 
CYCLES. SPECIMEN THEN 
FAILED AT RT. 

E> 

a = t 

1.270 

(0.500) 

0.43 

1.00 

93.4 

(75.9) 


[z> 

794.3 

(115.2) 

a - t 

1.270 

(0.500) 

0.43 

1.00 

80.6 

(73.3) 

— 

OCT24-2 

0.531 

(0.209) 

7.65 

(3.01) 


944.6 

(137.0) 

0.150 

-10.059) 

0.417 

(0.164) 

0.36 

0.28 

AIR 

551 

(50.1) 

56.5 

(514) 

SPECIMEN PROOF TESTED AND 
THEN CYCLED FOR 110 
CYCLES. SPECIMEN MARKED 
AND CYCLE TEST RE-STARTED. 
FLAW BREAKTHROUGH OCCURRED 
AT 750 CYCLES BUT 
CYCLED FOR 759 CYCLES. 
SPECIMEN THEN FAILED 
AT RT. 


0.152 
JO. 060) 

0.417 
-tQ. 164) 

0.37 

0.29 

55.1 

(50.1) 

56.5 

(51.4) 

l£> 


0.152 

(0.060) 

0.417 

(0.164) 

0.37 

0.29 

41A 

(43.1) 

48.5 

(44.1) 


820.5 

7 

7 

— 


— 




(119.0) 

7 

? 

— 

— 

— 

— 


[§> 


a = t 

1.270 

(0.500) 

0.42 

1.00 

93.3 

(75.8) 

— 



820.5 

<119.0) 

a = t 

1.270 

(0.500) 

0.42 

1.00 

83.3 

(75.8) 


OCT24-3 

0.538 

(0.212) 





imhmi 



■ 

■ 

■EfXSSH 

PHI 

SPECIMEN PROOF TESTED 
AND THEN CYCLED FOR 
80 CYCLES. SPECIMEN 
MARKED AND CYCLE TEST 
RE-STARTED. FLAW BREAK- 
THROUGH OCCURRED AT 
384 CYCLES BUT CYCLED 
FOR 394 CYCLES. SPECIMEN 
THEN FAILED AT RT. 




IMwlfll 

leSBIl 

0.39 

E5H 

HM 


7.62 


■ 


IEBEB1 




53.7 

(48.9) 

55.1 

(50.1) 

(3.00) 


820.5 

0.218 

(0.086) 

0.607 

(0.239) 



EES: 

EEB9I 

Ihkh 

58.9 

(53.6) 



(119.0) 

0.221 

(0.087) 


(§1^9 

■ 


~S T3 — 
(52.1) 

WuZwiU 


[£> 

wm\ 

19M 


1 

■ 


90.2 

(82.1) 




|:jj-;ll 

EBBI 

umi 
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(81,3) 


CO 

ID 

\— 

LL 

< 


W <n 
LU ~ 
I- 2 

U Q 
u_ Z 
O < 
J= O 

<! 

21 
OC Q 


A 


C/3 

UJ 

u 

o 

O 


o . 
z 

0 

p 

< 111 
Z QC 

1 ? 
LU < 



C/5 

Z' 

o 

h 

Q 

Z 

o 

o 

-J 

< 

t 

z 
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n 

^ 2 
^ a: 
2 d: 

-i D 
O O 
>- O 

u o 
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o z 

I- -J 
IX a. 

£ ? 
W D 













Table 42: 6AL-4V ST A Titanium (RT Direction) Cyclic Flaw Growth Data at 295° K (72°F)At 
(0.21 Inch), o Q = 0. 77 Oy $ and (a/2c) f - = 0. 10 


0CT21-1 


0.533 10.19 

(0.210) (4.011 


OCT21-2 


(0.214) (4.01) 


0.541 10.19 

OCT21-3 (a213) (4 _ 01) 


H 9 

Eok 

K CJ < 


944 6 1Q.Q38; 

(137,0) 0.099 


0.097 0.991 

Q.038) 10^390) 

0.099 0.991 


0.099 [ 0.991 


n i in qqi 


820.5 

(119.0) 




1.397 


(0.132) 1 

(0.550) 

799.8 ! 



raE&n 

\ (0.550) I 


I K2&UI E£EUI 

I bwekim I 




(0.144) | (0.540) 


E1K3E3II 
Hbuui 




1.397 

(0.550) 


0.10 

0.18 

0.10 

0.19 

0.10 

0.19 


0.21 


0.21 


0.63 


nai 


EEH 


0.19 




mm 


0.22 

0.27 

0.67 

0.27 

0.67 

0.10 

0.26 

0.10 

0.27 



mu 


1 


ESB 

0.54 

0.18 

0.54 


— E s E 

I z _ z 

OC ^ w 


(48.3) (49.8) 

53.6 55.4 

(48.8) (50.4) 

tO STB” 

(73.8) (69.0) 


(71.7) (86.6) 


(48.3) 


48.8) I (50.3) 


(49.6) I (51.4) 


(74.7) | (90.6) 


93.5 




75.0 88.8 

(68.2) (80.8) 











































SPECIMEN 

NUMBER 


Table 42: (Continued) 


\o 

co 



REMARKS 

{NUMBER OF CYCLES 
REFER TO TOTAL CYCLES) 


SPECIMEN PROOF TESTED AND DIMPLED AFTE 
63 CYCLES; TEST TERMINATED IMMED. PRIOR 
TO FAILURE AT 105 CYCLES. SPECIMEN THEN 
FAILED AT RT. 





































Table43: 6AI-4VSTA Titanium (RT Direction) Cyclic Flaw Growth Data at295°K (72° F) After an Ambient Proof Test; 
t = 0.16 cm (0.063 inch), o 0 - 0. 77 and (a/2c)j 2*0.33 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

GROSS STRESS, G 
MN/m 2 (KSI) 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

a/2c 

4-< 

TEST 

ENVIRONMENT 

f 

</) 

* 

^ CN 

2 % 

m 2 
E S 

K, WITH M k 
MN/ m 3/2 (KSI VlN> 

REMARKS 

(NUMBER OF CYCLES 
REFER TO TOTAL CYCLES) 

OCT 64-1 

0.152 

(0.060) 

3.81 

(1.50) 

E> 

944.6 

(137.0) 

0.028 

10.011) 

0.089 

(0.035) 

0.31 

0.18 

AIR 

25.1 

(22.81 

25.4 

(23.1) 

SPECIMEN PROOF TESTED AND THEN 
CYCLED FOR 125 CYCLES WHEN SPECIMEN 
DIMPLED. SPECIMEN MARKED AND CYCLE 
TEST RE STARTED. TEST TERMINATED 
AT FLAW BREAKTHROUGH AT 1866 CYCLES 
SPECIMEN THEN FAILED AT RT. 


0.028 

(0.011) 

0.089 

10.035) 

0.31 

0.18 

25.1 

(22.8) 

25.4 

(23.1) 


820.5 

1119.0) 

0.028 

(0.011) 

0555 

(0.035) 

0.31 

0.18 

21.5 

(19.6) 

21.8 

(19.8) 


? 

? 

— 

— 




7 

? 

— 

— 

— 

— 


a = t 

0.437 

(0.172) 

0.35 

1.00 

" 48.2 
(43.9) 


(z> 

1002.5 

(145.4) 

a = t 

0.437 

JQ.172) 

0.35 

1.00 

' ‘60.1 
(54.7) 

- 

OCT 64 -2 

0.152 

10.060) 

3.81 

(1.50) 

E> 

944.6 

(137.0) 

0.028 

(O.QID 

a 094 
(Q-Q37) 

0.30 

0.18 

AIR 

25.6 

(23.31 

25.9 

( 23 . 6 ) 

SPECIMEN PROOF TESTED AND THEN 
CYCLED FOR 37 CYCLES WHEN SPECIMEN 
DIMPLED. SPECIMEN MARKED AND CYCLE 
TEST RE STARTED. TEST TERMINATED AT 
FLAW BREAKTHROUGH AT 3150 CYCLES 
SPECIMEN THEN FAILED AT RT. 


0.028 

(0.011) 

0.094 

(0.037) 

0.30 


m&mm 



820.5 

(119.0) 

0.028 

(0.011) 

0.094 
(a 037) 



rn^EM 

22.2 

(20.2) 


7 

? 

— 

— 

■ 

— 


7 

? 

— ' 

— 

— 

— 


a = t 

M 



MEBM 

mSSSm 

— 


HI 

WBM 

0.457 

(0-180) 




— 

OCT 64 *3 

0.152 

<0.060) 

3.81 

(1.50) 



mmm 

■PT5TTB 



AIR 

mBSSM 


SPECIMEN PROOF TESTED AND THEN 
CYCLED FOR 38 CYCLES WHEN SPECIMEN 
OIMPLED. SPECIMEN MARKED AND CYCLE 
TEST RE-STARTED. TEST TERMINATED AT 
FLAW BREAKTHROUGH AT 540 CYCLES. 
SPECIMEN THEN FAILED AT RT. 


irai 

EMI 






820.5 

(119.0) 




0.52 

32.9 

(29.9) 

34.0 

(30.9) 


7 

? 

— 

— 

— 

— 


? 

7 

— 

— 

— 

— 


a - t 

0.457 

(0.180) 

0.33 

1.00 

49.1 

(44.7) 

— 


iilll 

MjQWM 

a = t 

0.457 

(0.180) 

0.33 

1.00 

55.7 

(50.7) 
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Table 44: 6AMV STA Titanium (RT Direction) Cyclic Flaw Growth Data at 295° K (72° F) After an Ambient Proof Test; 
t = 0.16 cm (0.063 inch), o 0 - 0. 77 o ^ and (a/2c)j - = 0.09 


i_ Q to p 

o < 

LUOh C z 

h- O < CD ^ 


944.6 

(137.0} 


0.302 

(0.119} 

0.302 

(0.119) 


0.157 

(0.062) 


820.5 

(119.0) 


IKtifltMBllEM 



0.160 5.08 

(0.0631 (2.00} 


0.061 

0.549 

(0.024) 

(0.216) 



i I 

w <C 

sT 2 

-** CN X ^ 

_ S j_ cn 

5 E S E 


REMARKS 


SPECIMEN PROOF TESTED AND THEN 
CYCLED FOR 106 CYCLES WHEN SPECIMEN 
DIMPLED. SPECIMEN MARKED AND CYCLE 
TEST RE-STARTED. FLAW BREAKTHROUGH 
OCCURRED AT 1110 CYCLES. SPECIMEN 
THEN FAILED AT RT 



SPECIMEN PROOF TESTED AND THEN 
CYCLED FOR 90 CYCLES WHEN SPECIMEN 
DIMPLED. SPECIMEN MARKED AND CYCLE 
TEST RE-STARTED; SPECIMEN FAILED 


SPECIMEN PROOF TESTED AND THEN 
CYCLED FOR 96 CYCLES WHEN SPECIMEN 
DIMPLED. SPECIMEN MARKED AND CYCLE 
TEST RE-STARTED. FLAW BREAKTHROUGH 
OCCURRED AT 1176 CYCLES BUT CYCLED 
FOR 1224 CYCLES. SPECIMEN THEN 
FAILED AT RT. 


INITIAL CONDITIONS 
PROOF LOADS 
START OF CYCLIC TEST 


DIMPLING OCCURRED 

RESTART OF CYCLIC TEST AFTER 
DIMPLING AND MARKING 


TERMINATION OF CYCLIC TEST 
FAILURE 





































Tab,e 45: 6AM V ST A Titanium (WT Direction) Cyclic Flaw Growth Data at 295° K (72° F) in Argon at 10 cpm After 
an Ambient Proof Test; t = 0.31 cm (0. 12 inch); o 0 = 0.68 o ys and (a/2c)j s 0.38 

o _ ~ " ™' ,i 

if % 

m ™ i- > ^ 


h'Q 

oo z 
lu o H 
l- u < 


o ^ CJ 

,5 


<N x ^ 

ro |_ m 


E s hr 


REMARKS 
(NUMBER OF CYCLES 
REFER TO TOTAL CYCLES) 


ncT OA 0.310 

OST-8A (o 122) 



0.302 

(0.119) 


0.320 

(0.126) 


0.302 5. 

(0.119) (2. 


734.3 

(106.5) 

762.6 

(110.6) 


ARGON 


(0.064) 


imiEB 


44.8 48.0 

(40,8) (43.7) 

57.6 

(52.4) ~~ 
60.0 

(54.6) “ 

“5T7 — xrr 

(52.5) (54.9) 


(53.2) I (55.7) 



INITIAL CONDITIONS 
(?> PROOF LOAD 


3> START OF CYCLIC TEST 
4> TERMINATION OF CYCLIC TEST 


SPECIMEN PROOF TESTED. FLAW 
BREAKTHROUGH OCCURRED AT 
735 CYCLES INTO CYCLIC TEST 
BUT CYCLED FOR 747 CYCLES. 
SPECIMEN FAILED IN RT AIR. 


SPECIMEN PROOF TESTED. FLAW 
BREAKTHROUGH OCCURRED AT 
800 CYCLES INTO CYCLIC TEST 
BUT CYCLED FOR 875 CYCLES. 
SPECIMEN FAILED IN RT AIR. 


SPECIMEN PROOF TESTED AND 
THEN CYCLED FOR 1240 CYCLES 
WHEN FLAW BREAKTHROUGH 
OCCURRED. SPECIMEN FAILED 
IN RT AIR. 


SPECIMEN PROOF TESTED AND 
THEN CYCLEO FOR 1088 CYCLES 
WHEN FLAW BREAKTHROUGH 
OCCURRED. SPECIMEN FAILED 
IN RT AIR. 


FAILURE 



































Table 46: 6AI-4VSTA Titanium (WT Direction) Cyclic Flaw Growth Data at 295° K (72° F) in Argon at 10 cpm After 
an Ambient Proof Test; t = Q.16 cm (0.063 inch), o 0 - 0.68 Oy S and (a/2c)j - 0. 10 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

o 

to 

CO — 

g 55 

E * 

CO 

CO CM 
CO C 

o 1 

CC Z 

0 5 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

a/2c 

4— 1 

ra 

TEST 

ENVIRONMENT 

f 

CO 

^ PM 

S % 
3 z 
E s 

f 

CO 

* * 
s 

X £S 

1 4 

„ z 
* 2 

REMARKS 

ST 6 
-5 

0.157 

(0.062) 

5.11 

(2.01) 

D> 

979.1 

(142.0) 

0.079 

(0.031) 

0.795 

(0.313) 

0.10 

0.50 

AIR 

55.7 
(50 71 

66.3 

(60.3) 

SPECIMEN PROOF TESTED. FLAW 
BREAKTHROUGH OCCURRED AT 
302 CYCLES INTO CYCLIC TEST. 
SPECIMEN THEN FAILED IN RT AIR. 

(£> 

0.094 

(0.037) 

0.795 

(0.313) 

0.12 

0.60 

59.6 

(54.2) 

76.4 

(69,5) 


734.3 

(106.5) 



0;094 

(0.037) 

0^795 

(0.313) 

0.12 

0.60 

ARGON 

43.1 

(39.2) 

55.2 

(50.2) 


a = t 

0.826 

(0.325) 

0.19 

1.00 

51.8 

(47.1) 

— 

d> 

861.9 

(125.0) 

a = t 

0,826 

10.3251 

0.19 

1.00 

AIR 

61.8 

(56.2) 

— 

ST6 

-6 

0.160 

(0.063) 


bps 


0.076 

(0.030) 


0.10 

0.48 

AIR 

"TUT 

(49.9) 

64.3 

(58.5) 

SPECIMEN PROOF TESTED. FLAW 
BREAKTHROUGH OCCURRED AT 
405 CYCLES INTO CYCLIC TEST. 
SPECIMEN THEN FAILED IN RT AIR. 


0.089 

(0.035) 



0.56 

~5sn — 

(52.9) 

72.2 

(65.7) 



m*xwm 

IgmsI 

0.780 

(0.307) 

0.11 

0.56 

ARGON 

42.0 — 

(38.2) 

Iffil 


a = t 

0.813 

(0.320) 

0.20 

1.00 

51.9 

(47.2) 

— 

d> 



0.813 

(0.320) 

0.20 

1.00 

AIR 

62.0 

(56.4) 

— 

ST6 

-13 

0.157 

(0.062) 

5.11 

(2.01) 


979.1 

(142.0) 

0.061 

(0.024) 

“11833 ' 

(0.245) 

0.10 

0.39 

AIR 

393J — 
(44.6) 

54.3 

(49.4) 

SPECIMEN PROOF TESTED. FLAW 
BREAKTHROUGH OCCURRED AT 
651 CYCLES INTO CYCLIC TEST. 
SPECIMEN THEN FAILED IN RT AIR. 


IBB 

6.622 

(0.245) 

0.11 

0.42 

50*6 

(46.0) 

■811 



■WTmB 


0.11 

0.42 

ARGON 

36.5 

(33.2) 

Kra 

n 


a = t 

BW«D« 

0.23 

1.00 




mi 

a =» t 

IToBTol 

0.23 


AIR 


— 

ST6 

-14 

0.157 

(0.062) 

1 



IRIRkII 



0.39 

AIR 

49.2 

(4L8) 

54.5 

(49.6) 

SPECIMEN PROOF TESTED. FLAW 
BREAKTHROUGH OCCURRED AT 
565 CYCLES INTO CYCLIC TEST. 
SPECIMEN THEN FAILED IN RT AIR. 


0.064 

(0.025) 

0.640 

(0.252) 


0.40 

■EJSdB 

■@331 




0.640 

(0.252) 


0.40 

ARGON 




a = t 

0.762 

(0.300) 


1.00 

■cra« 

— 


856.4 

(124.2) 

a - t 

0.762 

(0.300) 


1.00 

AIR 

60.2 

(54.8) 

— 



I INITIAL CONDITIONS 

PROOF LOAD 


START OF CYCLIC TEST 
TERMINATION OF CYCLIC TEST 


[§> FAILURE 



























































r\> 

o 

to 


Table 47: 6AI-4 V ST A Titanium (WT Direction) Cyclic Flaw Growth Data at 295° K (72° F) in Salt Water at 10 cpm 
After an Ambient Proof Test; t = 0.31 cm (0. 12 inch), o 0 = 0.68 o ys and (a/2c)j zzO.38 



OST 0.315 5.08 

-15A (0.1241 (2. 


INITIAL CONDITIONS 
PROOF LOAD 


§ 


c/5 

CN 

? ^ 
rr Z 

E 5 

* * 

I ™ 

II 

* 5 

56.5 

59.1 


■tfcJCH 

62.4 

inn 


46.6 

(42.4) 


61.0 

(55.5) 

81.7 

(74.3) 

63.3 

" 84.8 

(57.6) 

(77.2) 

58.7 

61.8 


(56.21 

MM 

mZwm 


(57.3) 

43.6 



(42.0) 


— 

(75.9) 


■“8972 — 

(60.4) 

(81.2) 

k9sIB3E2H 

54.8 


(49.9) 

(51.7) 


60.0 


wm^wm 

(71.9) l 

66.8 



(80.0) 1 

51.9 

mg 

mm 

MtWm 

53.4 

(48.6) 

38.2 1 

39.2 

■tcIlOT 

(35.7) 

59.9 | 

78.0 


(71.0) 

60.1 I 

78.2 

WiZWM 

(71.2) 


REMARKS 

(NUMBER OF CYCLES 
REFER TO TOTAL CYCLES) 


SPECIMEN PROOF TESTED. TEST 
TERMINATED AFTER 58 CYCLES 
INTO CYCLIC TEST. SPECIMEN 
THEN FAILED IN RT AIR. 


SPECIMEN PROOF TESTED. TEST 
TERMINATED AFTER 72 CYCLES 
INTO CYCLIC TEST. SPECIMEN 
THEN FAILED IN RT AIR. 


SPECIMEN PROOF TESTED. TEST 
TERMINATED AFTER 82 CYCLES 
INTO CYCLIC TEST. SPECIMEN 
THEN FAILED IN RT AIR. 


SPECIMEN PROOF TESTED. TEST 
TERMINATED AFTER 91 CYCLES 
INTO CYCLIC TEST. SPECIMEN 
THEN FAILED IN RT AIR. 


START OF CYCLIC TEST 
TERMINATION OF CYCLIC TEST 


(^> FAILURE 





























































































Table 48: 6AI4 V ST A Titanium (WT Direction) Cyclic Flaw Growth Data at 295° K ( 72° F) in Salt Water at 10 cpm 
After an Ambient Proof Test; t = 0.16 cm (0.063 inch), o 0 = 0.68 o ys and (a/2c)j =0. 10 


ro 

o 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

O 

in 

£ £ 
H * 

CO <N 

S | 

oc z 
0 ^ 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

(J 

Oi 

CD 

ID 

TEST 

ENVIRONMENT 

IRWIN K, 

MN/m 3/2 (KSlVlN) 

If 

in 

* * 
x si 

ii 

* s 

REMARKS 




G> 

975.0 

0.084 

(0.033) 

0.787 
(0.31 0) 

0.11 

0.53 

AIR 

56.7 
(51.6) _ 

69.2 

ii 





E> 

(141.4) 

"o!o 8 § 

(0.035) 

0.787 
(0.310) . 

0.11 

0.57 


57.9 

(52.ZL- 

72.5 

( 66 . 0 ) 

SPECIMEN PROOF TESTED. FLAW 

ST 6 

0.157 

(0.062) 

5.11 
( 2 . 01 ) 


734.3 

0.089 

(0.035) 

0.787 

(0.310) 

0.11 

0.57 

SALT 

42.1 

(38.3) 

52.6 

(47.9) 

BREAKTHROUGH OCCURRED AT 
45 CYCLES INTO CYCLIC TEST. 

-3 

E> 

(106.51 

a = t 

0.965 

10.380) 

0.16 

1.00 

WATER 

53.3 

(48.5) 

— 

SPECIMEN THEN FAILED IN RT AIR. ! 




GD> 

860.5 

(124.8) 

a - t 

0.965 

(0.380) 

0.16 

1.00 

AIR 

63.5 

(57.8) 

— 






882.6 

0.081 

(0.032) 

insr 

(0.310) 

0.10 

0.51 

AIR 

49.9 

(45-4) — 

59.8 

(54-4) 






(128.0) 

0.104 

(0.041) 

“07757 

(0.310) 

0.13 

0.65 

55.0 

(50.0) 

73.2 

( 66 . 6 ) 

SPECIMEN PROOF TESTED. FLAW 

nr ir a l/tuooi iru no* 1 ! IDDCn AT" 

ST 6 

0.160 

(0.063) 

5.11 


734.3 

0.104 

(0.041) 

0.787"“ 

(0.310) 

0,13 

0.65 

SALT 

447? 

(40.7) 

59.7 
(54.3) . 

BREAKTHROUGH OCLUHHtU A I 
14 CYCLES INTO CYCLIC TEST. 
SPECIMEN THEN FAILED IN RT AIR. 

-4 

( 2 . 01 ) 


1106.5) 

a - t 

1.168“ 

(0.460) 

0.14 

1.00 

WATER 

55.3 

(50.3) 

— 




E> 

748.8 

(108.6) 

a * t 

1.168 

(0.460) 

0.14 

1.00 

AIR 

56.4 

(51.3) 

— 






979.1 

(142.0) 

0.661 

(0.024) 

U.b'JT~ 

(0.245) 

0.10 

0.39 

AIR 

49.8 

(44.6) 

54.4 

(49.5) 





n^i 

0.066 

(0.026) 

~~ 01522 

(0.245) 

0.11 

0.43 

50.f 

(46.0) 

57.1 

(52.0) ... 

SPECIMEN PROOF TESTED. FLAW 

ST 6 

-11 

0.155 

(0.061) 

5.00 

(1-97) 


734.3 

6.066 

(0.026) 

U.Q22 

(0.245) 

0.11 

0.43 

SALT 

36.5 

(33.2) 

41.2 

(37.5) 

BREAKTHROUGH OCCURRED AT 
100 CYCLES INTO CYCLIC TEST. 


(106.5) 

a = t 

0.864 

(0.340) 

0.18 

1.00 

WATER 

52.0 

H7-3j 

— 

SPECIMEN THEN FAILED IN RT AIR. 





841.2 

(122.0) 

a = t 

0.864 

(0.340) 

0.18 

LOO 

AIR 

60.3 

154.9) 

— 





Q> 

979.1 

6.664' ' 

10.025) 

0.635 

10.250) 

0.10 

0.41 

AIR 

49.9 

(454) 

55.8 

(50.8) 






(142.01 

0!069 

(0.027) 

0.635 

(0.250) 

0.11 

0.44 


51.4 

(46.81 

58.7 

(53.4) 

SPECIMEN PROOF TESTED. FLAW 

ST 6 

-12 

0.155 

(0.0611 

5.08 

(2.00) 


734.3 

6.669 

(0.027) 

0.635 

(0.250) 

0.11 

0.44 

. SALT 

37.1 

(33.8) 

42.4 

(38.6) 

BREAKTHROUGH OCCURRED Ai 
73 CYCLES INTO CYCLIC TEST. 
cDcniuiCKi tu cm cam pn IM RT AIR 


(106.5) 

a - t 

6.889" 

(0.350) 

0.17 

1.00 

WATER 

52.3 
. (47,6) 

— 

brtLMvlblM IrlclN rMiLtu iin ni Min. 




d> 

818.4 

(118.7) 

a = t 

o!889 

(0.350) 

0.17 

1.00 

AIR 

58.9 

. tw-ffl- 





INITIAL CONDITIONS 
PROOF LOAD 


[£> START OF CYCLIC TEST ]j[> FAILURE 

[J> TERMINATION OF CYCLIC TEST 



Table 49: 6AI-4VSTA Titanium (WT Direction) Cyclic Flaw Growth Data at 295° K (72° F) in Salt Water at 0.2 cpm 
After an Ambient Proof Test; t- 0.31 (0. 12 inch), o 0 = 0.68 Oy S and (a/2c)j s 0.38 


— 

SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

GROSS STRESS, G 
MN/m 2 (KSI) 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

a/2c 

CD 

TEST 

ENVIRONMENT 

i? 

LO 

* 

* <N 
m Z 

|z 

CO 

* * 

X 51 

o 
* 2 

REMARKS 

OST 
-4 A 

0.307 

10.121} 

5.08 

(2.00) 


979.1 

(142.01 

0,160 

(0.063) 

0.419 

(0.1661 

0.38 

0.52 

AIR 

57.5 

(52.31 

60.0 

(54,6) 

SPECIMEN PROOF TESTED, THEN 
SPECIMEN FAILED AFTER 2,5 
MINUTES OF FIRST CYCLE INTO 
CYCLIC TEST, 


0 163 
(0.064) 

0.429 

(0.169) 

0.38 

0.53 

38.1 

(52.9) 

61.0 

(55.5) 


734.3 

(106.5) 

0.163 

(0.064) 

0.429 

(0.169) 

0.38 

0.53 

SALT 

WATER 

42.6 

(38.8) 

44.6 

(40.6) 

OST 

-5A 

0.310 

(0.1221 

5.08 

(2.00) 


979.1 

(142.0) 

0.152 

(0.060) 

0.414 

10.163) 

0.37 

0.49 

AIR 

57.0 

(51.91 

59.6 

(54.2) 

SPECIMEN PROOF TESTED, THEN 
SPECIMEN FAILED AFTER 3.4 
MINUTES OF 19TH CYCLE INTO 
CYCLIC TEST. 


0.157 

(0.062) 

0.424 

(0.167) 

0.37 

0.51 

57.7 

(52.5) 

60.4 

(55.0) 


734.3 

(106.5) 

o' 157 
(0.062) 

6.454 

(0.1671 

0.37 

0.51 

SALT 

WATER 

42.4 

(38.6) 

44.4 

(40.4) 


0.165 

(0.066) 

0.437 

(0.172) 

0.38 

0,53 

43.0 1 

-139.1) 

44.9 

(40.9) 

OST 

-12A 

0.310 

(0.122) 

5.11 

(2.01) 

D> 

979.1 

(142,0) 

0 1 30 
(0.051) 

~TT745 

(0.136) 

0.38 

0.42 

AIR 

tsx 

(47,4) 

53.6 

(48.8) 

SPECIMEN PROOF TESTED AND THEN 
CYCLED FOR 260 CYCLES. TEST 
TERMINATED AND SPECIMEN 
MARKED AND FAILED IN RT AIR. 


0.132 

(0.052) 

0.351 

(0.138) 

0.38 

0.43 

52.5 

(47.8) 

54.1 

(49.21 

£> 

734.3 

(106.5) 

0.132 

(0.052) 

AiSi 

(0.138) 

0.38 

0.43 

SALT 

WATER 

38.6 

(35.1) 

39.8 

J36,2J__ 


0.152 

(0.060) 

0*41 1 
(0.162) 

0.37 

0,49 

41.8 
(38. Q) 

43.5 
(39.6) 1 


— 

0.152 

(0,062) 

0.483 

(0.190) 

0.33 ! 

0.51 

AIR 



OST 

-13A 

0.310 

(0.122) 

5.11 

(2.01) 


979.1 

(142.0) 

0.127 

(0.050) 

0.333 

(0.131) 

0.38 

0.41 

AIR 

STT 

(46.6} 

52.5 

(47.8} 

SPECIMEN PROOF TESTED. THEN 
SPECIMEN FAILED AFTER 1.3 
MINUTES OF 475TH CYCLE INTO 
CYCLIC TEST. 

£> 

0.130 

(0.051) 

0.335 

(0.132) 

0.39 

0,42 

51.4 

(46.8} 

52.8 

(48.01 

{£> 

734.3 

(106.51 

0.130 
(0.051 ) 

0.335 

(0.132) 

0.39 

0.42 

SALT 

WATER 

37.8 

(34.4) 

38.8 

(35.3) 


0.183 

(0.872) 

0.508 

I0.2QQI 

0.36 

0.59 

46.3 

W?,1) 

49.9 

115,41 



INITIAL CONDITIONS 

PROOF LOAD 

START OF CYCLIC TEST 

TERMINATION OF CYCLIC TEST 

FAILURE 



ro 

o 

<T> 


Table 50: 6AI-4VSTA Titanium (WT Direction) Cyclic Flaw Growth Data at 295° K (72° F) in Salt Water at 0.2 cpm After 
an Ambient Proof Test, t=0.16 cm (0.063 inch), o 0 =* g.68 o ys and (a/2c); =0. 10 


SPECIMEN 

NUMBER 

4-» 

CO 

co — 

LU X 

2 a 

O 3 

£ £ 
H u 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

o 

ui 

in ^ 

£ 55 

t* ^ 

n 

CC 2 
O 2 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

a/2c 

TO 

TEST 

ENVIRONMENT 

f 

^ CM 

E % 
1 1 

K, WITH M k 
MN/ m 3/2 (KSI ViN) 

REMARKS 

ST6 

-1 

0.157 

(0.0621 

5.08 

(2.00) 


961.9 

(139.5) 

0.079 

(0.031) 

0.770 

(0.303) 

0.10 

0.50 

AIR 

54.3 

(49.4) 

64.6 

(58.81 

SPECIMEN PROOF TESTED, THEN 
SPECIMEN FAILED AFTER 1.5 
MINUTES OF 15TH CYCLE INTO 
CYCLIC TEST. 


0.097 

(0.038) 

0,770 

(0.303) 

0.13 

0.61 

58.8 

(53.5) 

76.1 

(69.2) 


734,3 

(106.5) 

0.097 

(0.038) 

0.770 

(0.303) 

0.13 

0.61 

SALT 

WATER 

43.4 

(39.5) 

56.2 

(51.1) 


0.107 

(0.042) 

0,770 

(0.303) 

0.14 

0.68 

45.1 

(41.0) 

— 61.1 
(55.6) 

ST6 

-2 

0.150 

(0.059) 

5.11 

12.01) 

I3> 

896.4 

(130.0) 

0.091 

(0.036) 

(J.762 

(0.300) 

0.12 

0.61 

AIR 

53.0 

(48.2) 

«y 

(62.5) 

SPECIMEN PROOF TESTED, THEN 
SPECIMEN FAILED AFTER 1.2 
MINUTES OF 23RD CYCLE INTO 
CYCLIC TEST. 



0.1 07 
(0.042) 

0.762 

(0.300) 

0.14 

0.71 

56.2 

(51.1) 

78.2 ' 
(71.2) 


[2> 

673.6 

(97.7) 

0.107 

(0.042) 

0.7B2 

(0.300) 

0,14 

0.71 

SALT 

WATER 

40.9 

(37.2) 

" 57.0 

(51.9) 


0.127 

(0.050) 

0TB 38 
(0.330) 

0.15 

0.85 

— 44.1 
(40.1) 

— BETU 
(61.9) 

ST6 

-9 

0.157 

(0.062) 


£> 

973.6 

0.058 

(0.023) 

0,635 - 
(0.250) 

0.09 

0-37 

A |R | 

w 

(43.7) 

s&iv 

(48.2) 

SPECIMEN PROOF TESTED, THEN 
SPECIMEN FAILED AFTER 0.7 
MINUTE OF 157TH CYCLE INTO 
CYCLIC TEST. 

5.08 


(141.2) 

0.064 

(0.025) 

0.835 

(0.250) 

0.10 

0.40 

49.6 

(45.1) 

55.2 

(50.2) 

(2.00) 


734.3 

0.064 

(0.025) 

U.635 

(0.250) 

■3EII 

0.40 

SALT 

WATER 

36.0 

(32.8) 

40.1 

(36.5) 



(106.5) 

H 


0.17 

0.74 

45.5 

(41.4) 

63.3 

(57.6) 

ST6 

-10 

0,157 

(0.062) 



979.1 



0.09 

0.37 

AIR 

4&i 

(43.9) 

~~53.2 

(48.4) 

SPECIMEN PROOF TESTED, THEN 
SPECIMEN FAILED AFTER 0.8 
MINUTE OF 54TH CYCLE INTO 
CYCLIC TEST. 

5.08 „ 


(142.01 

IS1I 

IEkSI 

0.12 

0.47 


52.8 

(48.0) 

— 6T15 
(55.5) 

(2.00) 


734.3 

0.074 

(0.029) 

0.622 

(0.245) 

0.12 

0.47 

SALT 

38.1 

(34.7) 

44.1 

(40.1) 



(106.5) 

0.091 

ismi . 

0.622 

(0.2451 

0.15 

0.58 

WATER 

41.3 

(37.6) 

51.4 

(46.8) 



INITIAL CONDITIONS 
PROOF LOAD 
START OF CYCLIC TEST 
FAILURE 








Table 5 1: Proof Overload Effects on da/dN for 2219- T87 Aluminum at 78° K (-320° F; 
<WT Direction) 


CYCLIC 

STRESS 

LEVEL 

a 0 /a ys 

MATERIAL THICKNESS, cm (INCH) 

1.27(0.50) 

0.38(0.15} 

INITIAL FLAW SHAPE 

INITIAL FLAW SHAPE 

= 0.40 

= 0.10 

— 0.40 

5*0.10 

0.67 

MODERATE 

RETARDATION 

INITIALLY 

ij:‘ no 

TEST 

iii: RESULTS' ■; 

SIGNIFICANT 
jiii; RETARDATION 
Iii:! INITIALLY 

MODERATE TO 
SIGNIFICANT 
RETARDATION 
INITIALLY 

0.91 

SLIGHT, IF ANY, ! 
RETARDATION 1 

INITIALLY 1 

SLIGHT, IF AN 
RETARDATION 
INITIALLY 

T* NO DISCERNIBLE 
* EFFECT 

SIGNIFICANT 

RETARDATION 

INITIALLY 

. 


°PROOF = 0.85—1.0 cr ys AT 78°K (~320°F) 

















Table 52: Proof Overload Effects on da/dN in Inert Environment for 6AI-4 V ST A Titanium at 295° K (72° F) 


CYCLIC 

STRESS 

LEVEL 

a o y/ °ys 

MATERIAL THICKNESS, cm (INCH) 

0.54 (0.21) 

0.31 (0.12) 

0.16 (0.063) 

<a/2c)j 

(a/2c)j 

(a/2c)j 

— 0.40 

-0.10 

= 0.40 

9*0.10 

-0.40 

— 0.10 

0.68 

R ES 

rE ST 
ULTS . : : 

SIGNIFICANT 

RETARDATION 

INITIALLY 


no 

"v.v.-.v.REJ 

test : :%v: 

>ULTS 

SIGNIFICANT 

RETARDATION 

INITIALLY 

0.77 

SLIGHT, 

IF ANY, 

RETARDATION 

INITIALLY 

NO 

DISCERNIBLE 

EFFECT 


rEsr 
ULTS •'•••• 


SIGNIFICANT 

RETARDATION 

INITIALLY 

SLIGHT 

RETARDATION 

INITIALLY 


[D> O p = 0.91 <7 ys AT 295° K <72°F) & FLAW ORIENTATION OF WT 
(£>Op=0.89cr ys AT295°K(72 o F) & FLAW ORIENTATION OF RT 



Table 53: 6AI-4V ST A Titanium (WT Direction) Sustained L oad Flow Growth Data at 295° K (729 F) in Salt Water, 
t = 0.54 cm (0.21 inch), o 0 = 0.68 Oy S and (a/2c)j = 0.37 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

a 

00 

CO — 
£ £ 

CO 

o 'S 
cc ^ 
a 2 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

o 

CM 

TO 

4-' 

TEST 

ENVIRONMENT 

f 

CO 

CM 

5 S E 
5 2 
E 5 

I 

CO 

* * 

X ™ 
K C0 

1 r- 

1 

* ^ 

REMARKS 

XT-5 

0.531 

4.90 

JiSL- 


568.8 

(82.5) 

0.279 

JIL110) 

0.749 

(0.295) 

0.37 

0.53 

SALT 

WATER 

43.2 
(39 3) 

45.4 

(41 3) 

SPECIMEN FAILED IN 0.25 MIN. 

XT-4 

0.544 

(0.214) 

4.90 

(1.93) 

E> 

734.3 

-CLQ6.5) 

0,175 

(0-069) 

0.488 

(0.192) 

0.36 

0.32 

SALT 

JWATER 

45.3 

(41.2) 

46.6 

(42.4) 

SPECIMEN FAILED IN 0.72 MIN. 

OST2 

-1 

0.533 

(0.210) 

5.08 

(2.00) 

E> 

979.1 

(142.0) 

0.170 

(0.067) 

0.467 

(0.184) 

0.36 

0.32 

AIR 

60.6 

(55.1) 

62.2 

(56.6) 

SPECIMEN PROOF TESTED AND THEN 
SUSTAIN LOADED FOR 8.0 HOURS 
WITH NO FLAW GROWTH. SPECIMEN 
THEN MARKED AND FAILED IN 
RT AIR. 


0.173 

(0.068) 

0.490 

(0.193) 

0.35 

0.32 

61.8 

(56.2) 

63.6 

(57.9) 


734.3 

(106.5) 

0.173 

(0.068) 

0.490 

(0.193) 

0.35 

0.32 

SALT 

WATER 

45.4 

(41.3) 

46.7 

(42.5) 


0.173 

(0.068) 


0.35 

0.32 

45.4 

(41.3) 

46.7 

(42.5) 

[E> 

1041.1 

(151.0) 

0.185 

(0.073) 

0.528 

(0.208) 

0.36 

0.35 

AIR 

67.9 

(61.8) 

MEEM 

OST2 

-2 

0.531 

10.2091 

5.08 

(2.00) 


979.1 

(142.0) 

rtf. 188 

(0.074) 

0.528 

(0.206) 

0.36 

0.35 

AIR 

64 . 5 ' 

(58.4) 

~~ 56.2 

(60.2) 

SPECIMEN PROOF TESTED AND 
THEN A SLIGHT MARK APPLIED. 
SPECIMEN FAILED IN 1.33 
MINUTES OF BEING SUSTAIN 
LOADED. 


0.191 

(0,075) 

0.594 

(0.234) 

0.32 

0,36 

67.4 

(61.3) 

70.0 

(63.7) 


734.3 

(106.5) 

0.193 

(0.076) 

0.597 

(0.235) 

0.32 

0,36 

SALT 

WATER 

49.6 

(45.1) 

51.4 

(46.8) 

OST2 

-3 

0.536 

(0.211) 

5.08 

(2.00) 

G> 

979.1 

(142.0) 

0.185 

(0.073) 

U.485 

(0.191) 

0.38 

0.35 

AIR 

61.9 

(56.3) 

63.4 

(57.7) 

SPECIMEN PROOF TESTED AND THEN 
SUSTAIN LOADED FOR 7.0 HOURS 
WITH NO FLAW GROWTH. SPECIMEN 
THEN MARKED AND FAILED IN 
RT AIR. 

i> 

6.191 

(0.075) 

0.559 

(0.220) 

0.34 

0.36 

65.7 

(59.8) 

68.0 

(61.9) 

n> 

734.3 

(106.5) 

0.191 

(0.075) 

0.559 

(0.220) 

0.34 

0.36 

SALT 

WATER 

481 

(43.8) 

49.9 

(45.4) 


0.198 

(0.078) 

0.635 

(0.250) 

0.31 

0.37 

50.8 

(46.2) 

52.9 

(48.1) 


946.0 

AW:?) 

0.249 

JML 

0.762 

■10.3001 

0.33 

0.46 

AIR 

73.6 

(67.0) 

77.8 

170.8) 

OST2 

-4 

0.533 

(0.210) 



979.1 

0.178 

(0.070) 

0.478 

(0.188) 

0.37 

0.33 

AIR 

61.3 

(55.8) 

62.9 

(57.2) 

SPECIMEN PROOF TESTED AND THEN 
A SLIGHT MARK APPLIED. SPECIMEN 
FAILED IN 1.7 MINUTES OF BEING 
SUSTAIN LOADED. 

5.08 

(2.00) 

n> 

(142.0) 

0.188 

(0.0741 

0.500 

(0.197) 

0.38 

0.35 

62.8 

(57.1) 

64.4 

(58.6) 



734.3 

(106.5) 

0.193 0.503 

(0.076) (0.198) 

0.38 

0.36 

Wl — 

WATER 

“46:3 

(42.1) 

47.4 

(43.1) 


t f4~~> TERMINATION OF SUSTAINED LOAD 
jf> INITIAL CONDITIONS u "^ TEST 

g> PROOF LOAD FA1LURE 

[£> START OF SUSTAINED LOAD TEST 



Table 54: 6AI-4V STA Titanium (WT Direction ) Sustained Load Flaw Growth Data at 295° K (72° F) in Salt Water, 
t = 0.31 cm (0. 12 inch), o 0 = 0.68 Oy S and (a/2c)/ = 0.37 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

GROSS STRESS, Q 
MN/m 2 (KSI) 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

u 

CM 

TO 

<r-> 

fO 

TEST 

ENVIRONMENT 

| 

CO 

^ CN 

z " £ 
^ z 

EE i 

i 

CO 

* * 

X ™ 
CO 

II 

REMARKS 

OST 

-2A 

0.306 

5.08 

tZ.W) 


734.3 

1106-5) 

0.127 

(0.050) 

0.340 

JQJ34) 

0.37 

0.42 

SALT 

WATER 

38.0 

(34.6) 

39.1 

(35.6) 

SPECIMEN FAILED IN 1.10 MIN. 

~05T2 

-7 

0.312 

(0.1231 

5.08 

(2.00) 


734.3 

(106.5) 

0.157 

(0.062) 

0.417 

(0.164) 

0.38 

0.50 

SALT 

WATER 

«.1 

(38.3) 

"iig 

(39.9) 

SPECIMEN FAILED IN 1.02 MIN. 

OST 
-1 A 

0.318 

(0.1251 

5.08 

(2.00) 



■WfSIl 


0.38 

0.55 

AIR 

60.6 

(55.11 


SPECIMEN PROOF TESTED AND 
THEN SUSTAIN LOADED FOR 
8.0 HOURS WITH NO FLAW 
GROWTH. SPECIMEN THEN 
MARKED AND FAILED IN RT AIR. 


ItJwliJI 

IP if? 31 




64.3 

(58.5) 



■Fx5Hl 


0.38 

0.56 



■EQjW 

■lS&M 



Kaiaai 

0.38 

0,56 

44.7 

(40.7) 

47.3 

(43.0) 


HU 

■jlljkB 

0.54-4 

(0.214) 

0.36 

0.61 

AIR 

69.5 

(63.2) 

— 

(68.8) 

OST 

-3A 

0.315 

(0.124) 

5.08 

(2.00) 

IS 


HHI 

IuaEJdI 



AIR 

mtVmM 

w*wm 

SPECIMEN PROOF TESTED AND 
THEN SUSTAIN LOADED FOR 
8.0 HOURS WITH NO FLAW 
GROWTH. SPECIMEN THEN 
MARKED AND FAILED IN RT AIR. 


mimm 

KPSESII 



52.6 

(47.9) 

54.3 

(49.41 



Ittudll 

MilcTicM 


0.41 

SALT 

WATER 

35^7 

(35.2) 

3<Lfe 

(36.2) 

iBBl 

mi 

l^HMI 

IMKOM 


0.41 

■R3B ■ 

ms 


1054.2 

(152.9) 

0.145 

(0.057) 

0.381 

(0.150) 

0.38 

0.46 

AIR 

■Bln 

EQii 


INITIAL CONDITIONS 
PROOF LOAD 

START OF SUSTAINED LOAD TEST 

TERMINATION OF SUSTAINED LOAD 
TEST 

0u> FAILURE 





































Table 55: BAM V ST A Titanium (WT Direction) Sustained Load Flaw Growth Data at 295° K (72° F) in Salt Water; 
t = 0,16 cm (0.063 inch), o 0 - 0.62^0.76 Oy S and (a/2c),- =0.09 


SPECIMEN 

NUMBER 

THICKNESS, t 
cm (INCH) 

WIDTH, W 
cm (INCH) 

TEST 

CONDITIONS 

AT 

GROSS STRESS, G 
MN/m 2 (KSI) 

FLAW DEPTH, a 
cm (INCH) 

FLAW WIDTH, 2c 
cm (INCH) 

a/2c 

<T3 

TEST 

ENVIRONMENT 

| 

cn 

^ CNl 

i z 

£ 2 

K|WITHM K 
MN/m 3/2 (KSI VTN> 

REMARKS 

OST6 

-2 

0.155 

(0.061) 

5.08 

(2.00) 

B> 

734.3 

1106.5) 

0.058 

J0.023I 

0.709 

(0.279) 

0.08 

0.38 

SALT 

WATER 

35.2 

(32.0) 

38.9 

(35.4) 

SPECIMEN SUSTAIN LOADED FOR 
7.0 HOURS WITH NO FLAW 
GROWTH. SPECIMEN THEN 
MARKED AND FAILED IN RT AIR. 


0.058 

(0-023) 

0.709 

_(0i279) 

0.08 

0.38 

" 35i2 
(32.0) 

38.9 

(35.4) 


950.8 

(137.9) 

o!o97 

(0.038) 

6.709 

(0.279) 

0.14 

0.62 

AIR 

57.4 

(52.2) 

74.4 

(67.7) 

OST6 

-3 

0.160 

(0.063) 

5.08 

(2.00) 

1^1 

734.3 

(106.5) 

(0.027) 

0.752 

(0.300) 

0.09 

0.43 

SALT 

WATER 

37.8 

(34.4) 

•foo 

(39.1) 

SPECIMEN SUSTAIN LOADED FOR 
7.0 HOURS WITH NO SCC FLAW GROWTH. 
SPECIMEN MARKED AND SUSTAIN 
LOADED FOR 7.0 HOURS WITH NO SCC 
FLAW GROWTH. SPECIMEN MARKED 
AND SUSTAIN LOADED. SPECIMEN 
FAILED IN 0.33 MIN. 

£> 



0.09 

0.44 

38.4 

(34.9) 

44.1 

(40.1) 


fcMi 

Km 

0.10 

0.49 

46:5 

(36.4) 



0.064 

<a033) 

0.762 

(0.300) 

0.11 

0.52 

403 

(37.3) 

40.6 

(45.1) 



IPK55J1 

0.12 

0.59 

KWH 


ST6 

- 17 


5.08 

(2.00) 


iiMAil 


■scali 

0.09 

0.43 

SALT 

WATER 

43.5 

(39.7) 


SPECIMEN FAILED IN 0.43 MIN. 

STS 

-19 

U. 103 
(0.061) 

5.08 

(2.00) 

fc> 

832.2 

(120.7) 

Wjwm 

■Ml 

0.635 

(0.250) 

0.10 

0.43 

SALT 

WATER 

42.0 

(38.2) 

47.5 

(43.2) 

SPECIMEN FAILED IN 0.30 MIN. 

ST6 

-20 

0.157 

(0.062) 

5.08 

12.00) 

to 

979.1 

(142.0) 

0.069 

(0.027) 



0.44 


Mom 

■cHEM 


SPECIMEN PROOF TESTED AND THEN 
SUSTAIN LOADED. SPECIMEN FAILED 
IN 0.50 MIN. 

d> 

■H331 

IwF?!™ 



Baal 

wmm 


■fRoBl 

■jTgl 
■of Will 

iRPESll 

0.11 

mrnm 

SALT 

WATER 

mmM 


INITIAL CONDITIONS 



g PROOF LOAD 

START OF SUSTAINED LOAD TEST 

TERMINATION OF SUSTAINED LOAD 
TEST 

FAILURE 
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